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In the eukaryotic proteome, WD domain is one of the most abundant protein motifs. The 
structure of WD domain allows it to interact with diverse protein partners and proteins 
containing WD domain have been shown to function in various cellular processes. In this 
thesis, I describe how two WD domain-containing proteins, LRWD1/ORCA and 
RFWD3, regulate different aspects of cell cycle progression. 
In eukaryotic cells, the duplication of the genome starts from the loading of a six-subunit 
complex, Origin Recognition Complex (ORC), onto replication origins on the 
chromosome. The loading of ORC triggers the assembly of the pre-replicative complex 
(pre-RC) at origins, which licensed the origins prior to entering S phase. Unlike yeast, 
replication origins in higher eukaryotes do not have consensus sequence and metazoan 
ORC does not bind to DNA in a specific manner. Thus, a long-standing question in the 
field has been, how are origins specified and how are ORCs recruited to origins? Studies 
suggest that ORC loading may be facilitate by ORC-associated proteins. LRWD1/ORCA 
is an ORC-associated protein that stabilizes ORC on chromatin. We have previously 
characterized ORCA’s role in replication initiation and heterochromatin organization. In 
Chapter 2, I describe my work to map the binding sites of ORCA genome-wide by ChIP- 
seq method at specific time points of G1. ORCA associates with chromatin in a dynamic 
manner and ORCA binding regions are enriched for heterochromatic marks, including 
H3K9me3 and methylated-CpGs. ORCA co-localizes with a subset of origins that are 
enriched for repressive marks, consistent with the fact that these origins replicate late 
during S phase. Further, ORCA directly associates with the repressive marks and 
interacts with the enzymes that catalyze these marks. ORCA regulates the level of 
H3K9me3 and methylated-CpG at its binding sites, suggesting a role of ORCA in 
maintaining the repressive chromatin marks at its binding sites. Importantly, repressive 
marks are required for ORCA’s association on chromatin. I propose that ORCA localizes 
to a subset of origins by association with repressive marks and recruits the enzymes to 
maintain the repressive chromatin environment. 
In Chapter 3, I focus on another WD domain containing protein, RFWD3, and describe 
how RFWD3 regulates cell cycle progression. Unlike previous studies that described how 
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RFWD3 regulates DNA damage response, I focus on how RFWD3 regulate unperturbed 
cell cycle progression. I show that RFWD3 is required for proper cell cycle progression. 
Depletion of RFWD3 causes S phase defects including slower replication fork 
progression and prolonged S phase. There is also increased loading of replication fork 
proteins on S phase chromatin in the absence of RFWD3, potentially due to stalled 
replication fork. RFWD3 associates with the replication fork component, PCNA, via a 
PIP box motif. I purpose that RFWD3 localizes to replication fork by interacting with 
PCNA and regulate proper replication fork progression. 
In Chapter 4, I summarize my findings on the regulation of DNA replication, chromatin 
organization and S phase progression. I also discussed interesting areas of research that 
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CHAPTER 1. INTRODUCTION 
1.1 Replication origin and pre-replication complex (pre-RC) 
During the eukaryotic cell cycle, accurate duplication of the genome is crucial to 
maintain genome stability and cell identity. DNA replication starts form multiple distinct 
sites on each chromosome, which are called replication origins. The initiation of DNA 
replication requires the step-wise assembly of the pre-replication complex (pre-RC) onto 
origins during G1 phase. The assembly of pre-RC starts with the loading of a six-subunit 
complex, Origins Recognition Complex (ORC). The loading of ORC recruits Cdc6, 
which in turn results in the loading of Cdt1 and the DNA helicase MCM2-7 complex. 
After the loading of MCM2-7, the origin becomes “licensed” and is ready to fire during S 
phase (Bell and Dutta 2002; Fragkos et al. 2015). While ORC is essential for the loading 
of MCM2-7 complex, it has been shown that in Xenopus laevis egg extracts, once the 
MCM complex is loaded, ORC is no longer required for MCM to initiate replication 
(Hua and Newport 1998). It has been shown that in a given cell, MCM2-7 proteins exist 
in vast excess to ORC proteins as well as the number of origins (Burkhart et al. 1995; Lei 
et al. 1996; Donovan et al. 1997; Edwards et al. 2002) and it has been suggested that 
MCM2-7 may be able to translocate on chromosome from where they are originally 
loaded (Gros et al. 2015). 
1.1.1 Origin recognition complex (ORC) 
Origin recognition complex consists of six subunits, Orc1-6. ORC was first identified in 
S. cerevisiae as the “initiator” of replication (Bell and Stillman 1992). Subsequent 
analysis revealed that the homologs of all six ORC subunits exist in other eukaryotic 
organisms and ORC’s function as replication initiating factor is highly conserved across 
different species (Gavin et al. 1995; Gossen et al. 1995; Carpenter et al. 1996; Takahara 
et al. 1996; Quintana et al. 1997; Quintana et al. 1998; Yu et al. 1998). 
Biochemical and cellular studies revealed that in human cells Orc2-5 forms the core of 
the ORC complex and remains associated on chromatin throughout the cell cycle (Dhar et 
al. 2001). The largest subunit of ORC, Orc1, associate with the core complex in a cell- 
cycle specific manner (Li and DePamphilis 2002). In human cells, Orc1 protein gets 
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degraded during S phase by ubiquitin-mediated degradation (Li and DePamphilis 2002). 
The smallest subunit of ORC, Orc6, behaves in a more dynamic manner, associates with 
the ORC complex in a transient manner and also is required for cytokinesis (Prasanth et 
al. 2002; Ghosh et al. 2011). 
Analysis of the protein sequences revealed potential ATP binding sites on multiple ORC 
subunits (Speck et al. 2005). In S. cerevisiae, ORC binds to DNA in a ATP-dependent 
manner (Bell and Stillman 1992). In S. pombe, however, ORC’s binding to DNA appear 
to be ATP independent (Kong and DePamphilis 2001). In Drosophila, only Orc1’s 
association with ATP is required for ORC’s DNA binding capacity (Chesnokov et al. 
2001). In addition, it is also controversial whether ATP hydrolysis is required for ORC to 
bind DNA. 
All the six ORC subunits are essential for S. cerevisiae and S. pombe survival. However, 
a recent study challenged the long standing model of all six subunits of ORC being the 
critical “initiators” of DNA replication. In this study, both alleles of Orc1 or Orc2 were 
depleted in a human colon cancer cell line lacking p53 (HCT116 p53-/-). Cells lacking 
either Orc1 or Orc2 appear to be viable and show no change in cell-cycle profile. These 
cells appear to have reduced loading of MCM complex on chromatin and fire less origins 
compared with wild-type cells. Orc1 or Orc2 depleted cells also appear to use different 
sets of replication origins compared with wild-type cells (Shibata et al. 2016). These 
results challenged the model of ORC being the essential “initiator’ of DNA replication, at 
least in cultured cells. It is possible that an incomplete ORC complex is able to load 
MCM or MCM can be loaded in a ORC-independent manner. 
1.1.2 Origin selection and ORC recruitment 
In eukaryotic cells, DNA replication starts from multiple origins. In S. cerevisiae, origins 
are defined by 11-bp consensus sequences, which are called Autonomously Replicating 
Sequences (ARS) (Newlon 1988). DNase footprint experiments showed that S. cerevisiae 
ORC specifically binds to ARS in a ATP dependent manner (Bell and Stillman 1992). 
While replication origin sequences were well characterized genetically and biochemically 
in S. cerevisiae, the sequence specificity of origins in other eukaryotic systems appear to 
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be more complicated. S. pombe origins do not appear to contain any consensus sequence. 
However, the sequences of S. pombe origins contain stretches of AT-rich sequences 
(Segurado et al. 2003) and S. pombe Orc4 contains AT-hook domains that allow its 
binding to origins (Kong and DePamphilis 2001). In metazoans, only very few defined 
origins have been identified and no consensus sequences at replication origins have been 
identified so far. Furthermore, mammalian ORC does not appear to bind to DNA in any 
specific manner (Coverley and Laskey 1994). Thus, how origins are selected and how 
ORC is recruited to origins in metazoan cells remain unclear. 
Several studies have been conducted in higher eukaryotes systems to investigate the 
localization of replication origins genome-wide. Replication origins can be mapped by 
isolating and sequencing “replication bubble” (Mesner et al. 2011; Mesner et al. 2013), 
RNA-primed nascent DNA (Sequeira-Mendes et al. 2009; Martin et al. 2011), or the 
binding site of ORC (MacAlpine et al. 2010; Dellino et al. 2013). It is clear from these 
studies that different cell types use different sets of origins and not all potential origins 
are bound by ORC. Several factors such as local chromatin structure, transcription factors 
and pre-RC associated proteins have been proposed to regulate ORC recruitment and 
origin specification. Studies supporting these hypotheses will be discussed below. 
1.1.3 Replication origins and chromatin architecture 
In eukaryotic cells, DNA is packed into nucleosomes and all cellular events on genomic 
DNA must operate in coordination with the nucleosome structure. How chromatin 
structure and modifications affect the localization of ORC and selection of origins has 
been studied intensely. 
1.1.3.1 Replication origins and nucleosome positioning  
The existence of nucleosome affects the accessibility of particular DNA sequences. Early 
in vitro experiments demonstrate that when a nucleosome is forced to place over the S. 
cerevisiae ARS1 sequence, the replication initiation function is compromised (Simpson 
1990). ORC ChIP-seq along with MNase mapping experiments in S. cerevisiae suggest 
that only a subset of putative ARS sequences is occupied by ORC (20%-40%) and these 
ORC binding sites localized to nucleosome-depleted regions that are flanked by well- 
positioned nucleosomes (Xu et al. 2006; Eaton et al. 2010). Interestingly, the same 
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research group also showed by genome-wide MNase mapping that in S. cerevisiae, the 
loading of pre-RC leads to nucleosome re-position at a subset of regions where pre-RC is 
loaded (Belsky et al. 2015). 
In addition to yeast, absence of nucleosome also appears to be a feature of replication 
origins in higher eukaryotes. Mapping experiments suggest that ORC localize to 
nucleosome depleted regions in Drosophila genome as well as in the DHFR initiation 
zone in Chinese hamster cells (MacAlpine et al. 2010; Lubelsky et al. 2011). In human 
cells, ORC ChIP-seq experiments suggest that ORC binding sites correlate with DNase 
hyper-sensitive sites (Miotto et al. 2016). 
1.1.3.2 Replication origins and histone modifications 
Eukaryotic chromatin is marked with various histone modifications that affect the 
chromatin structure and DNA accessibility. Since replication origins in higher eukaryotes 
do not have any consensus sequence, a lot of effort has been made to understand whether 
specific histone modifications play a role in recruiting ORC. However, there is little 
evidence so far that any specific histone modification can solely determine origin 
selection. 
H4K20 methylation 
Perhaps one of the most well-studied histone modifications involved in origin 
specification is H4K20. PR-Set7 (Set8), the H4K20 mono-methyltransferase is cell cycle 
regulated and gets degraded in a PCNA/CRL4Cdt2-dependent manner upon entering into 
S phase (Abbas et al. 2010). PR-Set7 level gradually increase from late S phase and peak 
at mitosis. Stably expressing non-degradable PR-Set7 leads to re-replication, suggesting a 
role of PR-Set7 in origin function. Depletion of PR-Set7 leads to increased DNA damage 
(Centore et al. 2010). However, the role of PR-Set7 in replication could be through 
H4K20me2/3 instead of H4K20me1, since H4K20me1 is the substrate of H4K20me2/3. 
Compared with H4K20me1, H4K20me2/3 seems to be more directly involved in the 
licensing process. In vivo tethering of PR-Set7 to specific loci leads to increased 
H4K20me3 and recruitment of ORC. And the cell cycle defects caused by PR-Set7 
depletion is dependent on Suv4-20 (Beck et al. 2012). In addition, Orc1 has been shown 
to directly associate with H4K20me2 via the BAH domain and this interaction can 
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regulate the association of ORC to chromatin (Kuo et al. 2012). However, H4K20me2 is 
distributed broadly across the genome and there has been no report so far comparing the 
genome-wide localization of H4K20me2 and replication origins. What is more intriguing 
is the recent studies in a Drosophila line bearing lysine-to-alanine mutation at position 20 
of histone H4. This Drosophila line, that is unable to undergo methylation at H4K20, 
appear to have unaltered ORC loading and origin firing (McKay et al. 2015; Li et al. 
2016). Thus, the role of H4K20me is in the licensing process becomes even more 
complicated. 
H3K79 methylation 
In addition to H4K20, another histone modification that has been shown to be involved in 
DNA replication is H3K79. A single methytransferase, Dot1/DOT1L, catalyzes the 
mono-, di-, and tri-methylation of H3K79 (Nguyen and Zhang 2011). Yeast strain lacking 
Dot1 shows accumulation of cells in G1 phase (Schulze et al. 2009). Depletion of 
DOT1L in human cells leads to defective S phase and re-replication (Kim et al. 2012; Fu 
et al. 2013). The level of H3K79me2 is cell cycle regulated while H3K79me3 level stays 
relatively constant throughout cell cycle. In yeast and human cells, H3K79me2 level is 
low in G1 phase and increases during S phase (Schulze et al. 2009; Kim et al. 2012). 
H3K79me2 ChIP-seq in human cell lines suggest that H3K79me2 is enriched at a subset 
of replication origins (Fu et al. 2013). However, whether H3K79me2 itself plays a role in 
origin specification remains unclear. In addition, whether H3K79me1 and H3K79me3 
play roles in regulating cell cycle progression and whether Dot1/DOT1L regulates cell 
cycle progression via H3K79 methylation still need further investigation. 
Histone acetylation 
In addition to H4K20me and H3K79me, ORC binding sites are also enriched near active 
histone marks including H3K27ac and H3K4me, consistent with the fact that origins are 
enriched at open chromatin structures (Dellino et al. 2013; Lubelsky et al. 2014; Miotto et 
al. 2016). Whether these active marks per se play roles in regulating ORC loading, 




The H4 histone acetyltransferase (HAT), HBO1, has been shown to interact with multiple 
pre-RC components including Orc1, MCM2 and Cdt1. HBO1 ChIP in human cell lines 
suggest that HBO1 associate with several replication origins during G1 phase and this 
association is stabilized by Cdt1. The HAT activity of HBO1 is required for the loading 
of MCM but not ORC suggesting that HBO1 might be recruited by ORC to facilitate the 
licensing process (Miotto and Struhl 2008). Although initially characterized as a H4 
HAT, HBO1 has been shown to form complexes with BRPF family proteins to acetylate 
H3 instead of H4 (Lalonde et al. 2013). A recent study suggests that HBO1-BRPF3 
complex acetylates H3K14 at replication origins and regulates origin firing during S 
phase (Feng et al. 2016). These studies suggest that HBO1 may use different scaffolds to 
regulate different steps of DNA replication. 
1.1.4 Replication origins and transcription 
Both DNA replication and transcription are critical cellular events and how these two 
events are coordinated has been a long-standing question in the field. Early study tackled 
this question by measuring the replication of plasmid DNA transfected into human cells 
(Haase et al. 1994). Haase et al showed that induction of transcription on the plasmid 
suppresses the replication of plasmid DNA in human cells. Another study addressed the 
same question by investigating the origin-containing Chinese hamster DHFR locus 
inserted at ectopic loci (Lin et al. 2005). In this study, Lin et al showed that initiation 
events can be detected from non-transcribed regions of the inserted fragments but not the 
actively transcribed DHFR gene body. These studies suggest that active transcription 
event itself may suppress local replication initiation event. 
While several studies suggest that transcription events may negatively regulate local 
replication initiation event, replication initiation does not occur predominantly at non- 
transcribed regions genome-wide. Recent studies mapping replication origins genome- 
wide have shown that replication origins are enriched near active promoters in metazoan 
cells (MacAlpine et al. 2010; Martin et al. 2011), consistent with the fact that origins 
localize at nucleosome free regions. Similar to gene promoters, replication origins also 
localize to CpG islands. Higher resolution analysis in MCF7 cells showed that replication 
initiation ratio peaks ~500bp downstream of transcription start site (TSS) but are 
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excluded from the TSS (Martin et al. 2011). Further analysis in two human cell lines 
showed that replication initiation events is most frequent near regions of moderate 
transcription. In contrast, replication origins are depleted from highly transcribed regions 
as well as non-transcribed regions. 
Both replication initiation and transcription are localized at euchromatic regions, 
potentially due to the open chromatin structure and accessibility of DNA. A few 
transcription factors, including Drosophila Myb and E2F-Rb has been shown to associate 
with specific origins and regulate local replication (Bosco et al. 2001; Beall et al. 2002). 
In S. cerevisiae, RNAP-II has recently been shown to regulate the replication of rDNA 
locus, as depletion of the largest RNAP-II subunit causes reduced replication at rDNA 
locus (Mayan 2013). However, inhibition of RNAP-II transcription does not alter 
replication or loading of pre-RC proteins at rDNA locus. S. cerevisiae RNAP-II was also 
shown to interact with Orc1, Orc2 and Cdc6. These results suggest RNAP-II proteins, but 
not on-going transcription or transcript, may facilitate the loading of pre-RC and promote 
replication initiation at rDNA locus. Whether and how the two events, replication and 
transcription, directly regulate each other still need further investigation. In addition, 
while replication origins tend to localize near TSS, how the replication machinery and 
transcription machinery are coordinated during S phase, when both replication and 
transcription are actively occurring, would also be an interesting area to investigate. 
1.1.5 ORC-associated proteins in origin specification 
While numerous evidence suggest that ORC loading is affected by local chromatin 
environment, another hypothesis, that ORC or pre-RC loading is dictated by different 
ORC interacting proteins with different DNA binding preference, is also supported by 
many studies. 
In S. pombe, Orc4 contains AT-hook domain that potentially allows its binding to the 
AT-rich origin sequences. In metazoan cells, the high-mobility group (HMG) family 
proteins contain AT-hook motifs. One member of this family, HMGA1, has been shown 
to be involved in replication initiation events. Study shows that HMGA1 physically 
associate with ORC proteins (Thomae et al. 2008). Tethering HMGA1 to plasmid DNA 
recruits ORC and induce replication events. Immuno-fluorescent experiments show that 
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HMGA1 co-localize with ORCs and mutation of the AT-hook motif abolishes such co-
localization. It is believed that HMGA1 may facilitate the loading of pre-RC proteins at 
AT-rich chromatin. 
Human Myc protein has been shown to interact with pre-RC components including 
ORCs, MCMs, Cdc6 and Cdt1 (Swarnalatha et al. 2012). Myc localizes to lamin B2 
origin and depletion of Myc leads to decreased loading of MCM but not ORC at lamin 
B2 origin, suggesting Myc may function in recruiting pre-RC proteins by interacting with 
ORC. 
Another example of ORC associated protein regulating replication initiation is a recently 
characterized protein, RepID (Zhang et al. 2016). RepID ChIP-seq analysis shows that 
RepID associates with a subset of origins sharing common AG-rich motif. Depletion of 
RepID leads to reduced replication initiation events genome-wide and abnormal 
replication fork progression. These evidence suggest that RepID may facilitate the 
licensing process at a specific set of origins. 
Our laboratory has previously identified an ORC-associated protein, LRWD1/ORCA 
(described in detail in Chapter 2). We showed that ORCA associates with multiple pre- 
RC proteins including ORCs and Cdt1 as well as the Cdt1 inhibitor Geminin. Depletion 
of ORCA leads to reduced loading of ORC and MCM proteins on chromatin as well as 
G1 arrest in diploid lung fibroblast cells and human embryonic stem cells. In vivo 
tethering of ORCA to a reporter locus leads to recruitment of ORC and MCM (Shen et al. 
2010; Shen et al. 2012). These studies suggest an important role of ORCA in replication 
initiation. However, whether ORCA associate with replication origin sequences in vivo is 
still not clear. 
1.2 Origin activation 
When the MCM complex is loaded at an origin during G1 phase, the origin becomes 
“licensed”. However, the double hexamer helicase complex MCM is in a head-to-head, 
inactive status at this stage. At the on set of S phase, the activation of origins requires the 
kinase activity of DBF4-dependent kinase (DDK) and cyclin-dependent kinase (CDK). 
The activation of an origins involves the assembly of pre-initiation complex (pre-IC) and 
the activation of helicase complex MCM (Fragkos et al. 2015). 
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1.2.1 Formation of pre-initiation complex (pre-IC) 
During the G1-S transition, DDK phosphorylates multiple MCM subunits (Randell et al. 
2010; Sheu and Stillman 2010). The phosphorylation of MCMs is required for the 
formation of CMG complex, which includes CDC45, MCM2-7 and GINS complex (Sld5, 
Psf1, Psf2, Psf3) and will act as the helicase complex to unwind double stranded DNA 
ahead of the replication fork during replication (Ilves et al. 2010). 
In S. cerevisiae, CDK phosphorylates Sld2. Phosphorylated Sld2 and Sld3, along with 
Dpb11 facilitate the formation of CMG complex (Tanaka et al. 2007). In S. pombe, 
similar cascade exists and the orthologues of Sld2, Sld3 and Dbp11 are Ctc1, Sld3 and 
Cut5, respectively. In vertebrates, Treslin is the Sld3 orthologue and can be 
phosphorylated by CDKs. Phosphorylated Treslin associates with TOPBP1, which is the 
orthologue of Dbp11, to facilitate the assembly of CMG complex (Kumagai et al. 2010). 
The Sld2 orthologues, RECQL4, is also CDK target and required for CMG formation (Im 
et al. 2009). DNA Pol ε is also loaded at origins independent of the activation of the 
helicase complex (Heller et al. 2011). 
1.2.2 Origin firing 
The firing of an origin involves the activation of helicase activity. During this process, 
the head-to-head MCM double hexamers will become two hexamers that function in the 
opposite direction, ahead of the replication forks. After the helicase activity is activated 
and single-stranded DNA is generated, proteins involved in replication elongation, 
including RFC, PCNA, RPA and DNA Pol α, will be loaded and replication elongation 
will initiate (Bell and Dutta 2002; Fragkos et al. 2015). In Mammalian cells, it is still not 
clear whether ORC remains associated with origins after DNA synthesis starts. 
1.3 Replication timing 
During S phase, origins are activated in a temporal manner. The whole genome replicate 
in segments up to megabase scale in size, which are referred to as “replication domains” 
(Rhind and Gilbert 2013). Aberrant replication timing correlate with genome instability 
(Donley and Thayer 2013). Recent advances in genomic techniques have allowed the 
mapping of genomic replication timing profile in different eukaryotic systems. While 
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discrepancy exists, these studies in different organisms showed that early replicating 
regions localize to euchromatic regions with open chromatic structure and active 
transcription, while late replicating regions localize to heterochromatic regions and 
correlate with repressed transcription (Jeon et al. 2005; Dellino et al. 2013; Lubelsky et 
al. 2014). ORC ChIP-seq study in Drosophila suggest that replication timing correlate 
with ORC density. Early replication correlates with high ORC density whereas late 
replication correlates with low ORC density (Lubelsky et al. 2014). However, the 
molecular mechanisms underlying the replication timing program is still poorly 
understood. 
1.3.1 Availability of initiating factors 
The activation of “licensed” origins during S phase requires the kinase activity of DDK 
and CDKs. The activity of DDK and CDKs are required throughout S phase, indicating 
origin activation occurs throughout S phase. One study in S. cerevisiae investigated the 
relative abundance of different replication proteins and showed that MCMs are more 
abundant than ORCs and polymerases, while the CDK target proteins, Sld2 and Sld3, 
along with their binding partner Dpb11 are low abundant (Mantiero et al. 2011). 
Researchers further showed that overexpression of Sld2, Sld3, Dbp11 and Dbf4 causes 
late-firing origins to fire early during S phase. It was also showed in this study that when 
late firing origins are fired early by overexpressing initiating factors, the checkpoint 
kinase Rad53 is activated transiently during S phase, suggesting disruption of replication 
timing program may cause fork stalling and potentially induce DNA damage. Similarly, 
another study in S. cerevisiae showed that overexpression of Sld3, Sld7, and Cdc45 also 
causes late-firing origins to become early-firing (Tanaka et al. 2011). These studies 
suggest that some origins firing late during S phase potentially due to limited initiating 
factors and these initiating factors may need to be “recycled” to activate late-firing 
origins after the activation of early-firing origins. Interestingly, it was shown in S. 
cerevisiae that during G1 phase Cdc45, along with its binding partner Sld3, associates 
with early-firing origins but not late-firing origins (Kamimura et al. 2001; Kanemaki and 
Labib 2006), suggesting the timing of an origin may be dictated before a cell enters S 
phase. Recent genomic study in S. cerevisiae suggest that early-firing origins have more 
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MCMs loaded during G1 phase while late-firing origins have less MCMs. Reducing the 
amount of MCM loaded onto an origin delays its firing timing (Das et al. 2015). This 
study again supports the idea that the amount of replication factor available at an origin 
dictates its replication timing. However, why early-firing origins have more initiating 
factors available than late-firing origins is still not clear. It is possible that the chromatin 
environment near the origins affect its accessibility to initiating factors. 
1.3.2 Local chromatin structure 
Local chromatin environment near replication origin is a key factor in determining 
replication timing. The replication timing profile has been shown to change during the 
differentiation of embryonic stem cell (Rivera-Mulia et al. 2015), suggesting replication 
timing may be affected by chromatin status and/or transcription. In general, euchromatic 
regions replicate early during S phase while heterochromatic regions replicate late during 
S phase. Interestingly, not all repressive regions replicate late during S phase. In S. 
pombe, the silent mating type locus and centromeric regions do not replicate during late S 
phase (Kim et al. 2003). However, genome-wide mapping of replication timing profile in 
different systems show that early replication correlates with active chromatin status, 
including as gene rich region, active transcription and active chromatin marks, such as 
H3K4me and H3K9ac. Whereas late replication correlates with repressive chromatin 
status, including gene poor regions, silent transcription and repressive histone marks, 
such as H3K9me3 and H4K20me3 (Jeon et al. 2005; Dellino et al. 2013; Lubelsky et al. 
2014). 
Serval chromatin proteins have been shown to be involved in regulating replication 
timing. In S. cerevisiae, telomere regions replicate late and Sir3 is a key regulator of the 
repressive telomere chromatin structure. Depletion of Sir3 in S. cerevisiae leads to 
advanced replication of telomere regions. When an early origin was inserted at telomere 
regions, its firing timing is delayed in a Sir3-dependent manner (Stevenson and 
Gottschling 1999). In S. pombe, inserting the late origin near telomere at ectopic site 
delays the firing of what used to be early-firing origins. And this delay in origin firing is 
mediated by the telomere binding protein Taz1 (Tazumi et al. 2012). In Drosophila cells, 
depletion of the heterochromatin protein HP1 causes altered replication timing 
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(Schwaiger et al. 2010). In these HP1 depleted cells, about 5%-10% of the genome show 
altered replication timing and these regions with altered replication timing are HP1 
targets. Interestingly, while the centromeric repeat regions show advanced replication 
timing upon HP1 depletion, the majority of the changes in replication timing results in 
delayed replication. In mouse and human cells, Rif1, which was originally identified in 
yeast as a telomere binding protein, has been shown to regulate replication timing. 
Depletion of Rif1 in mouse and human cells causes altered replication timing program 
globally (Cornacchia et al. 2012; Yamazaki et al. 2012). 
While different histone modifications have been shown to correlate with replication 
timing, whether and how specific histone modification affects replication timing is not 
clear. For example, while H3K9me2 localizes to late replicating regions on the genome, 
mouse embryonic stem cells lacking G9a, the enzyme that establishes H3K9me2, do not 
show changes in its replication timing profile (Yokochi et al. 2009). It is possible that 
multiple modifications maintain the proper chromatin structure that in turn is required for 
proper replication timing program. 
1.4 Role of ORC beyond replication initiation 
The ORC proteins were first identified as the “initiator” of replication and its role in 
replication initiation has been well characterized over the past few decades. However, in 
addition to being the initiating factor of the licensing process, ORC proteins also appear 
to regulate other process during the cell cycle. For example, the smallest ORC subunit, 
Orc6, has been shown to be involved in cytokinesis in metazoan cells (Prasanth et al. 
2002; Chesnokov et al. 2003; Bernal and Venkitaraman 2011). Several ORC subunits, 
including Orc3 and Orc6, along with ORCA has been identified as ATM/ATR target 
proteins in a proteomic screen (Matsuoka et al. 2007). Two important aspects of ORC’s 
function beyond replication initiation will be discussed below. 
1.4.1 ORC and transcription silencing 
ORC proteins were first identified in yeast. In addition to being the “initiator” of 
replication, ORC has also been shown to be involved in transcription silencing of the 
mating-type loci in yeast. Early screening studies in S. cerevisiae has identified strains 
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with Orc2 mutation to have defects in silencing the mating-type loci (Foss et al. 1993). 
Another study showed that S. cerevisiae Orc1 directly interact with Sir1, a protein that is 
involved in establishing transcription repression at the mating-type loci (Triolo and 
Sternglanz 1996). Interestingly, another silencing protein in S. cerevisiae, Sir3 is derived 
from a duplication event of the Orc1 gene although the sequences of the two proteins 
have diverged considerably. In yeast Kluyveromyces lactis, which diverged before the 
duplication event, KlOrc1 has been shown to cooperate with Sir2 in organizing 
heterochromatin at telomeres and the silenced mating-type locus, HMLa (Hickman and 
Rusche 2010). 
1.4.2 ORC and chromatin organization 
In addition to its involvement in transcription silencing in yeast, the role of ORC proteins 
in heterochromatin organization has also been established in higher eukaryotes. Early 
study in Drosophila suggest that DmOrc2 localizes to centromere structure and co- 
localizes with HP1. DmOrc2, DmOrc5 and DmOrc6 was also shown to interact with 
HP1. In DmOrc2 mutant, the heterochromatic localization of HP1 was also shown to be 
disrupted. Similarly, Xenopus Orc1was also identified as Hp1a and Hp1g interacting 
protein in a yeast two-hybrid screening, indicating there might be a conserved role of 
ORC in heterochromatin organization (Pak et al. 1997). 
In human cells, immuno-fluorescent studies showed that multiple ORC subunits, 
including Orc1, Orc2, Orc3 and Orc5, localize to HP1a-containing heterochromatic foci. 
Human Orc1 and Orc3 have been shown to physically interact with heterochromatic 
protein HP1a. Depletion of Orc1, Orc2, Orc3 or Orc5 causes reorganization of HP1a in 
human cells (Prasanth et al. 2010). In a SILAC study to identify proteins associated with 
different chromatin marks, ORC along with ORCA was shown to associate with 
nucleosome with repressive marks, including H3K9me3, H3K27me3 and methylated 
CpG sites, furthering supporting the observation that ORC proteins localize to 
heterochromatic structures (Bartke et al. 2010). Human Orc2 protein, has also been 
shown to localize to centromeres. Depletion of Orc2 causes abnormal chromosome 
segregation and altered localization of centromere protein CENP-F (Prasanth et al. 2004). 
A recent study suggests that the role of Orc2 at centromere may be mediated by a small 
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group of Orc2 proteins that undergo SUMOylation (Huang et al. 2016). Human ORC has 
also been shown to associate with telomere structures, potentially via interaction with 
telomere protein, TRF2. Depletion of Orc2 causes telomere dysfunction and loss of 
repressive marks at telomere chromatin (Deng et al. 2007; Deng et al. 2009). 
Interestingly, while Orc5 depletion causes reorganization of HP1a, ectopic tethering of 
Orc5 on chromatin causes dramatic chromatin decondensation. This chromatin 
decondensation function of Orc5 is at least partially mediated by the histone 
acetyltransferase GCN5, which can interact with Orc5. The chromatin opening caused by 
Orc5 tethering happens predominantly during G1 phase of cell cycle, indicating this 
function of Orc5 may be related to its role in pre-RC loading (Giri et al. 2016). 
1.5 WD domain-containing proteins and replication 
WD domains, or WD40 domains, consist of several WD40 repeats and WD40 repeats are 
44-66 amino acid motif that contains glycine-histidine (GH) dipeptide at 11-24 position 
from N terminal and ends with tryptophan-aspartate (WD) dipeptide at C terminal. 
Structural analysis suggests that WD40 repeats form b-propeller structures, which often 
contain seven blades. WD40 repeat is one of the most abundant motifs in eukaryotic 
proteome. The propeller architecture of WD40 domains provides multiple surface for 
protein-protein interactions and thus WD40 domain containing proteins often act as a 
“scaffold” in different cellular process. Studies till now have shown that WD40 proteins 
interact with diverse partners and mediate various cellular process, such as signaling 
transduction, cell cycle progression and chromatin organization (Stirnimann et al. 2010; 
Xu and Min 2011). We have identified two WD40 containing proteins that play important 
roles in DAN replication and cell cycle progression (Chapter 2 and Chapter 3) and a brief 
description of the two proteins will be discussed below. 
1.5.1 LRWD1 
LRWD1 is a leucine rich and WD40 repeats containing protein. We have previously 
identified LRWD1 as a ORC-associated protein and named it origin recognition complex 
associated (ORCA). ORCA interacts with multiple component of pre-RC including ORC 
proteins and Cdt1 as well as the Cdt1 inhibitor Geminin. Loss of ORCA leads to 
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decreased loading of ORC proteins on chromatin. Depletion of ORCA in human 
fibroblast cells or human embryonic stem cells causes G1 arrest suggesting ORCA 
regulates pre-RC assembly and replication initiation (Shen et al. 2010; Shen et al. 2012). 
In addition to regulating replication initiation, ORCA is also an important player in 
heterochromatin organization. We and others have shown that ORCA localizes to 
heterochromatic structure and associates with repressive histone tails including H3K9me 
and H4K20me (Bartke et al. 2010; Shen et al. 2010; Chan and Zhang 2012; Giri et al. 
2015). We have also shown that ORCA associates with multiple H3K9 
methyltransferases, including G9a and Suv39. Loss of ORCA leads to re-organization of 
HP1a, reduced cellular H3K9me2 level and reduced H3K9me3 mark globally. More 
importantly, we have shown that ORCA’s role in heterochromatin organization is 
independent of its role in replication initiation (Giri et al. 2015). Although it is clear that 
ORCA is an important player in replication initiation and heterochromatin organization, it 
is still not clear where ORCA binds genome-wide and whether ORCA binds to 
replication origins. 
1.5.2 RFWD3 
RFWD3 is a RING finger and WD40 repeats containing protein that has E3 ligase 
activity. RFWD3 plays important roles in DNA damage response and replication 
checkpoint control. RFWD3 can be phosphorylated by ATM/ATR in response to DNA 
damage. RFWD3 interacts with MDM2 and p53 and act as a positive regulator of p53 
and MDM2. It was also shown that RFWD3 mediate p53 ubiquitination in response to 
DNA damage in coordination with MDM2 (Fu et al. 2010). RFWD3 also interacts with 
RPA and is recruited to damage sites upon DNA damage to facilitate the activation of 
DNA damage repair pathways (Gong and Chen 2011; Liu et al. 2011). Recently, it was 
shown that RFWD3 mediates the ubiquitination of RPA in response to DNA damage and 
this modification is critical for DNA damage repair at stalled replication fork (Elia et al. 
2015). While a lot of studies has been done about the role of RFWD3 in DNA damage 
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CHAPTER 2. TEMPORAL ASSOCIATION OF ORCA/LRWD1 TO 
LATE-FIRING ORIGINS DURING G1 DICTATES 
HETEROCHROMATIN REPLICATION AND ORGANIZATION 
2.1 Introduction 
Eukaryotic cell cycle progression is a highly orchestrated process in which DNA 
replication, chromatin organization, and transcription need to be precisely coordinated. 
Each cell needs to replicate the entire genome once and only once per cell cycle, and this 
process is regulated both temporally and spatially. In eukaryotic cells, DNA replication 
initiates from multiple distinct sites on each chromosome, which are called replication 
origins (Mechali 2010; Fragkos et al. 2015). The initiation of DNA replication requires 
the step-wise assembly of pre-replication complex (pre-RC) onto origins during G1 (Bell 
and Dutta 2002). In eukaryotic cells, this process starts with the loading of a six-subunit 
complex, Origin Recognition Complex (ORC) at origins during G1 phase (Bell and 
Stillman 1992; Bell and Dutta 2002). ORC loading results in the sequential recruitment of 
Cdc6, Cdt1, and the DNA helicase MCM2-7 complex. After the loading of MCM2-7, the 
origin becomes “licensed” and will fire during S phase (Bell and Dutta 2002). The MCM-
Cdc45-GINS (CMG complex) helicase complex is subsequently activated by cell cycle 
kinases to start replication (Moyer et al. 2006; Pacek et al. 2006).  
In S. cerevisiae, origins are defined by a consensus sequence that is required for ORC 
binding (Marahrens and Stillman 1992). In S. pombe, origins are AT rich but do not 
appear to have a consensus sequence (Segurado et al. 2003). In metazoans, however, no 
consensus sequence at replication origins has been identified and it remains to be 
determined as to how origins are selected and how ORC is recruited to origins. Multiple 
lines of evidence suggest that in metazoan cells, the selection of an origin and recruitment 
of pre-RC complex is facilitated by different pre-RC interacting proteins with different 
DNA binding preferences. For example, human Myc protein has been shown to interact 
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with ORC and regulate the licensing of lamin B2 origin (Swarnalatha et al. 2012). The 
Drosophila insulator protein Su(Hw) has been shown to facilitate the loading of pre-RC 
proteins to origins at repressive chromatin regions (Vorobyeva et al. 2013). Factors 
including HMGA1 (Thomae et al. 2008) or specific histone modifications (Mechali et al. 
2013; Sherstyuk et al. 2014) have been implicated in facilitating ORC binding to 
chromatin. Recently, RepID protein was shown to bind to a subset of origins and regulate 
replication (Zhang et al. 2016). We have previously identified ORCA as an ORC-
associated protein that can stabilize ORC on chromatin (Shen et al. 2010). However 
whether this happens at origins or at heterochromatin remains to be resolved.  
Several studies have been conducted to map replication origins genome-wide in different 
cell types (Hyrien 2015). These studies were done by isolating and sequencing 
“replication bubbles” (Mesner et al. 2011; Mesner et al. 2013), RNA-primed nascent 
DNA strand (Sequeira-Mendes et al. 2009; Martin et al. 2011) or ORC binding sites 
(MacAlpine et al. 2010; Dellino et al. 2013; Miotto et al. 2016). It is clear from these 
studies that different cell types use different sets of origins and not all the origins that are 
licensed are fired during S phase. Genome-wide analysis showed that replication origins 
are enriched for CpG islands (Antequera 2004) and correlate with local transcription 
status (Martin et al. 2011; Dellino et al. 2013). Several histone marks, including 
H3K79me2 and H4K20me, have also been suggested to play a role in the licensing 
process (Beck et al. 2012; Fu et al. 2013; Rivera et al. 2014). Different origins also fire at 
different times during S phase and it is generally believed that the temporal firing of 
origins is affected by local chromatin structure as well as the availability of initiation 
factors (Mantiero et al. 2011; Marks et al. 2016). Origins at open chromatin regions tend 
to fire early while those at repressive chromatic regions tend to fire late (Mechali et al. 
2013).  
A lot of effort has been made to understand how specific origins are selected and how 
ORC is recruited in metazoan cells. In human cells ORC binds to chromatin non-
specifically and therefore it has been extremely challenging to identify ORC-bound 
regions. Barring a couple of recent studies showing that preRC complexes are at 
nucleosome-depleted regions in Drosophila (Liu et al. 2015) and in mammalian cells 
Orc1 and Orc2 bind predominantly to open chromatin (Dellino et al. 2013; Miotto et al. 
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2016), the factors that dictate ORC loading remain to be determined. It has therefore 
remained a challenge in the field to determine precisely the underlying factor(s) that 
provide specificity for origin location, and to understand if these factors stimulate origin 
activation. It was therefore imperative to determine the distribution of factors like ORCA 
that we have shown to facilitate the chromatin association of ORC.        
ORCA localizes to heterochromatin structures and associates with repressive histone 
marks (Bartke et al. 2010; Shen et al. 2010; Vermeulen et al. 2010). We recently 
demonstrated that ORCA's role in heterochromatin organization during S phase is 
independent of its role in replication initiation/licensing during G1 (Giri et al. 2015). 
Additionally, we have also shown that ORCA is required for ORC loading and 
replication licensing (Shen et al. 2012). However, it is not clear if the stabilization of 
ORC by ORCA occurs at replication origins and/or if ORCA associates with replication 
origins. Since previous attempts to map ORC-binding sites were carried out in 
asynchronous cells, it was unclear if ORC binds to specific sites in G1, when licensing 
occurs. To dissect out ORCA’s function in replication initiation and to better understand 
the step-wise licensing process in G1, we have mapped ORCA binding sites genome-
wide by ChIP-seq studies. By carrying our ORCA ChIP-seq in cells synchronized at 
different stages of G1 phase, we demonstrate that the loading of ORCA at replication 
origins is likely to be a dynamic process. Our previous studies did not address if ORCA 
coats repressive chromatin structures or if it binds to distinct sites.  We find that ORCA 
binding sites are enriched for repressive marks and ORCA shows strong co-localization 
with a subset of origins that are also enriched for repressive marks, including H3K9me3 
and methyl-CpG sites. ORCA bound regions predominantly replicate during late S phase. 
ORCA directly interacts with these repressive marks and these marks in turn are also 
required for ORCA’s association with chromatin. Our results suggest that ORCA 
associates with late-replicating origins, coordinates with the machinery that establishes 
repressive chromatin environment, helps in the maintenance of heterochromatin, and 





2.2.1 Binding of ORCA on chromatin is dynamically regulated during G1 
To understand how ORCA regulates heterochromatin replication and/or organization, we 
evaluated the genome-wide distribution of ORCA using chromatin immunoprecipitation 
(ChIP) in U2OS cell line stably expressing HA-ORCA (Fig. 2A). We performed ChIP in 
cells synchronized at G1 phase, a stage when ORC loading and the licensing process are 
established (Figure 1). We found that ORCA showed dynamic binding pattern at several 
genomic loci at different stages of G1. Previous work has shown that the largest ORC 
subunit, Orc1 protein shows spatio-temporal dynamics during G1 (Kara et al. 2015). 
Since the protein levels of ORCA are highest during G1, we conducted ORCA ChIP at 
different points in G1. Cells were synchronized at prometaphase by nocodazole, and the 
mitotic cells were collected by shake-off. The cells were released from the arrest and 
collected for ChIP at various time points within G1 [1.5 hour (early G1), 3 hour (mid G1) 
and 5 hour (late G1)]. The arrest during mitosis and the synchronous release was 
monitored by flow cytometry, immunoblot analyses of G1 and S phase markers (Fig. 2B) 
and immunofluorescence to evaluate BrdU incorporation (not shown).  ChIP was 
performed using HA antibody followed by deep sequencing at early, mid, and late G1 
phase. Our ChIP-seq result showed that both the binding pattern and the number of 
ORCA binding sites changed as cells progress through G1 phase. We obtained about 
10,000 peaks at early and mid G1 and only 1,347 peaks at late G1 (Fig. 1A). This change 
in the number of ORCA binding sites during G1 is consistent with the fact that ORCA 
protein level peaks at G1 and drops at the G1/S boundary (Shen et al. 2010). We also 
found that about 55% of the peaks at early and mid G1 are not found at late G1, whereas 
most of the peaks at late G1 are also present in the previous two time points (Fig. 1A and 
1B).  A subset of regions is bound by ORCA throughout G1, which contribute to most of 
the ORCA binding regions we have identified at the late G1 time point (Fig. 1A). 
Representative snapshots of regions with different ORCA binding pattern throughout G1 
are shown (Fig. 1Ba, 1Bc, 1Be). Binding pattern of ORCA for c-Fos locus as a negative 
control is shown in Fig. 2C. These results indicate that the binding of ORCA onto 
chromatin during G1 phase is a temporally regulated process and is dynamic. The 
temporal binding of ORCA at specific regions was also validated by ChIP-qPCR (Fig. 
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1Bb, Bd, Bf). Similar temporal ORCA binding on chromatin was also observed by ChIP-
qPCR in wild-type U2OS cells using ORCA antibody (Fig.  2Da-b).  
ORCA binding regions contained about 32-34% intergenic regions, with the other areas 
either genic or partial (partly contained in genic regions) (Fig. 2E).  Since the ChIP-Seq 
analysis is limited to single copy regions and does not include repetitive loci, which 
comprise a large fraction (>50%) of the human genome, the actual abundance of ORCA 
binding sites intergenic regions is likely to be higher. Remarkably however, ORCA peaks 
are significantly enriched in promoter regions (Figure 2E), consistent with their 
colocalization with replication origins (see below).  
2.2.2 ORCA binding regions strongly co-localize with replication origins 
We have previously shown that ORCA interacts with the ORC complex and stabilizes 
ORC on the chromatin (Shen et al. 2010). Further, loss of ORCA in primary fibroblasts 
resulted in cells arresting in G1 with reduced MCM loading, consistent with a role for 
ORCA in replication origin licensing. In addition to its role in replication initiation, 
ORCA also regulates heterochromatin organization in a way that is independent of its 
role in replication initiation (Giri et al. 2015). To address how ORCA might regulate 
replication initiation, we asked if the ORCA binding sites during G1 represent replication 
origins. We mapped the replication initiation sites in U2OS cells by nascent strand 
abundance analysis (Fu et al. 2014). Our analysis showed that there is strong co-
localization between ORCA-binding sites and replication initiation sites. At all three time 
points tested, most of the ORCA binding sites (65%-85%) were found near (within 2kb) 
replication origins (Fig. 3A, 2B). However, these ORCA binding sites represent only 
11.5% of the total mapped origins. ORCA binding sites, however, did not show strong 
co-localization with a random generated genome sequence of the same size distribution 
and GC content as the origin sequences (Fig. 3B), suggesting that the majority of ORCA 
binding sites identified in our ChIP-seq analysis indeed represent replication origins. We 
observed that at each time point, ORCA specifies a different subset of origins, indicating 
that ORCA associates with distinct origins during G1 in a dynamic manner. In fact, at 
early and mid G1, about 50% of the origins bound by ORCA is not found at late G1, 
while a subset of origins are bound by ORCA throughout G1 (Fig. 3C, 3D). In late G1 
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phase, most of the origins bound by ORCA are present in the two earlier time points and 
very few origins are bound by ORCA only at late G1 (Fig. 3C). These results indicate 
that the specification of replication origins by ORCA/ORC during G1 may be more 
dynamic than previously thought. Once an origin is specified by ORCA, it may enable 
the licensing process and once the licensing process is finished, ORCA may dissociate 
from its initial loading site.  
2.2.3 ORCA binding regions are enriched for H3K9me3 and methyl-CpG marks 
We previously demonstrated that ORCA localizes at repressive chromatin structures and 
regulates heterochromatin organization (Shen et al. 2010; Giri et al. 2015).  We mapped 
the genome-wide distribution of repressive marks including H3K9me3 and DNA 
methylation in human U2OS cells. By aligning the data obtained from the ORCA ChIP-
seq with that of H3K9me3 ChIP-seq, we found that there is strong co-localization 
between ORCA-binding regions and H3K9me3-containing regions (Fig. 4Aa and c, 5A). 
Interestingly, the percentage of ORCA peaks that co-localize with H3K9me3 increases 
slightly as cells progress through G1 (from 45% to 65%, Fig. 4Ab) consistent with our 
cell biological data that ORCA levels decrease at the end of G1 but whatever remains 
localizes to heterochromatic structures.  
To address ORCA’s localization in relation to DNA methylation, we carried out 
methylated DNA immunoprecipitation (MeDIP) with an antibody that specifically 
recognizes methyl-cytosine. We performed MeDIP followed by deep sequencing in 
U2OS cells to determine the genome wide localization of methyl-CpG sites. We aligned 
the MeDIP-seq result with our ORCA ChIP-seq results. Similar to H3K9me3, we also 
found strong co-localization between ORCA-binding regions and methyl-CpG sites, and 
the percentage of ORCA peaks that co-localize with methyl-CpG sites also increases 
slightly as cells progress through G1 (from 49% to 61%, Fig. 4Ba, 4Bb). 
ChIP-Seq was performed in two biological replicates for the 1.5 hr and 3 hr time points. 
In both sets of biological replicates we observed high concordance between the duplicates 
collected at the same time but low concordance between the two time points. Both 
biological replicates demonstrated a highly significant colocalization with replication 
origins and H3K9me3 when compared to randomized controls. These data support our 
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conclusion that ORCA associates with replication origins and H3K9 methylated regions 
and that ORCA binding undergoes temporal relocation during G1. 
2.2.4 ORCA regulates H3K9me3 and methyl-CpG marks at its binding sites 
We have previously shown that the loss of ORCA causes dramatic reduction of 
H3K9me3 at 18% of the H3K9me3 peaks (Giri et al. 2015). However, we were unable to 
pinpoint why only specific H3K9me3 sites were altered.  To address if ORCA regulates 
H3K9me3 at its binding sites, we aligned the H3K9me3-containing ORCA peaks with 
the 18% H3K9me3 peaks (ORCA-dependent H3K9me3 peaks) that showed dramatic 
reduction upon ORCA depletion. Our results showed that most of the H3K9me3-
containing ORCA-binding sites (~80%) showed H3K9me3 reduction upon ORCA 
depletion (Fig. 4C, Fig. 5B), indicating that ORCA binds to H3K9me3-containing 
regions and regulates the local repressive marks. Two snapshots showing the loss of 
H3K9me3 upon ORCA-depletion occurring at the regions showing co-localization of 
ORCA and H3K9me3 are provided (Fig. 5B). Adjacent regions enriched for H3K9me3 
(without ORCA binding) remain unaffected upon the loss of ORCA (Fig. 5B). However, 
what dictates ORCA-binding to certain repressive sites and not others remains to be 
determined. Future studies will determine the potential involvement of other factors, 
chromatin modifications, or DNA methylation in the differential binding of ORCA to 
repressive marks.  
Previous work demonstrated that ORCA binds to nucleosomes most efficiently in the 
presence of methylated DNA (Bartke et al. 2010). We therefore evaluated if ORCA also 
regulates DNA methylation status at its binding sites. We carried out MeDIP followed by 
qPCR in control and ORCA-depleted cells. Our MeDIP-qPCR results showed a 
significant decrease in DNA methylation at several ORCA-binding sites (the ones that are 
also enriched for H3K9me3) upon ORCA depletion (Fig. 4D). Interestingly, we observed 
about a 50% reduction in DNA methylation level near the transcription start sites of 
ribosomal RNA (Fig. 4D).  The DNA methylation status at the rDNA locus is known to 
control rRNA transcription (Santoro and Grummt 2001). We therefore determined if the 
methylation change caused by ORCA depletion changed the rRNA transcription status. 
Our transcription analysis by qPCR showed an increase in 45S pre-rRNA level in ORCA-
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depleted cells (Fig. 5C), indicating that the loss of DNA methylation at rDNA locus by 
ORCA depletion also causes a change in rRNA transcription. Previously, it has been 
shown in mouse cells that loss of ORCA leads to increased major satellite repeat 
transcription (Chan and Zhang 2012). Here, it appears that ORCA also regulates 
transcription from certain repeat regions in human cells. 
2.2.5 ORCA-bound origins are enriched for H3K9me3 and methyl-CpG marks 
Our analysis showed that most of the ORCA-binding regions co-localize with replication 
origins. However, there appear to be a large number of origins that are not bound by 
ORCA. This is similar to what has been reported previously for Orc1 binding to human 
genome (Dellino et al. 2013).  We therefore determined the chromatin feature of a subset 
of distinct origins that are occupied by ORCA. Replication origins are generally enriched 
at euchromatic regions (Mechali et al. 2013). Further, our analysis also showed that 
replication initiation events do not show very strong co-localization with H3K9me3 and 
methylated CpG sites (Fig. 6A). In fact, among the total replication initiation sites, only a 
small subset is found near H3K9me3 (20%) and 40% of the origins are found near 
methyl-CpG site (Fig. 6A). However, ORCA-occupied origins showed strong co-
localization with H3K9me3 and methyl-CpG sites (Fig. 6B and C). At all the three time 
points in G1, a large portion of the ORCA-occupied origins are found near H3K9me3 and 
methyl-CpG sites (Fig. 6B, 6C).  A snapshot of an ORCA-bound origin enriched for 
repressive environment is shown (Fig. 6D). These results suggest that ORCA may specify 
a subset of replication origins with repressive chromatin marks, and facilitate the loading 
of other pre-RC components at these origins. 
Our observation that ORCA-bound regions is enriched for repressive chromatin marks 
indicates that these regions may be late-replicating regions. Using the recently published 
U2OS replication timing profile (Hadjadj et al. 2016), we stratified the genome into 
regions that replicate during early, early-mid, mid-late and late S phase. Our analysis 
showed that regions that are bound by ORCA replicated predominantly during late S 
phase (Fig. 5D). The numbers of binding regions that intersect with late replicating 
regions were higher during early G1 (1.5 and 3 hours into G1) but the enrichment was 
also evident at the 5 hours time point, albeit with fewer peaks overall (71.3% of ORCA 
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1.5hr; 34.2% of ORCA 3 hr. and 46.0% of ORCA 5 hr., found in late replicating regions). 
This observation is in line with the notion that repressive regions generally replicate late 
during S phase.  Our analysis showed that H3K9me3 containing ORCA peaks primarily 
colocalize with origins (Fig. 5E).  This is consistent with the fact that ORCA-bound 
origins are late-firing origins. 
2.2.6 ORCA interacts with methylated DNA sequence in vitro and associates with 
DNA methyltransferases 
Our sequencing analyses showed that a large number of ORCA peaks co-localize with 
H3K9me3 and methyl-CpG peak in vivo. Others and we have previously shown that 
ORCA could interact with both H3K9 methyltransferases and methylated H3K9 peptide 
in vitro (Chan and Zhang 2012; Giri et al. 2015). We now addressed if ORCA can bind 
methylated DNA as well. To address this, we performed electrophoretic mobility shift 
assay (EMSA) using bacterially purified His-SUMO-ORCA protein. To test whether 
ORCA interacts with methylated DNA directly, we used a double-stranded DNA probe 
with 12 CpG sites, with the cytosine being either un-modified or methylated. When we 
incubated the methylated probe with His-SUMO-ORCA but not His-SUMO, we 
observed a dramatic shift in mobility, indicating a strong interaction between ORCA and 
the methylated DNA probe (Fig. 7A). Incubation of an un-methylated probe with ORCA, 
however, did not show an obvious shift, indicating ORCA specifically recognizes and 
interacts with methylated DNA. We then asked if ORCA only recognizes methyl-
cytosine when the CpG sites on both strands are methylated. To address this, we 
generated DNA substrates that are unmethylated, hemi-methylated (one strand) or 
methylated (both the strands) and performed EMSA experiment with purified ORCA 
protein. The result showed that ORCA interacts with both the hemi-methylated and fully 
methylated probe but not with the un-methylated probe (Fig. 7B), suggesting that ORCA 
may be recognizing the methyl-group on methyl-cytosine. We also performed a similar 
experiment with another pre-RC protein, Orc1, and did not observe any binding to 
methylated or unmethylated DNA substrate (Fig. 8A).   
We found that ORCA binds to repressive histone marks and also associates with the 
enzymes (HKMTs) that catalyze these marks (Giri et al. 2015). Since we found that 
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ORCA preferentially binds to methylated sequences, we examined if ORCA also 
interacts with the DNA methylation machinery, DNA methyltransferases (DNMTs). 
Mammalian cells have three active DNA methyltransferases: DNMT1, DNMT3a and 
DNMT3b (Jeltsch and Jurkowska 2014). To address whether ORCA interacts with DNA 
methyltransferases, we performed co-immunoprecipitation (co-IP) experiments. By 
performing co-IP using T7 antibody in U2OS cells expressing Myc-DNMT1 with or 
without T7-ORCA, we found that ORCA interacts with DNMT1 (Fig. 7C). In a U2OS 
cell line stably expressing HA-ORCA, we performed IP using HA antibody and the result 
revealed robust interaction between HA-ORCA and endogenous DNMT3a (Fig. 7D). 
Similarly, endogenous ORCA was found to interact with Myc-DNMT3b (Fig. 7E). 
Reciprocal co-IPs confirmed these interactions (Fig. 8B-D).  To rule out the possibility 
that DNA or RNA mediated these interactions, we have also performed co-IP 
experiments in the presence of Ethidium Bromide (EtBr) or RNase A.  Interactions 
between DNMT1, DNMT3a, DNMTb and ORCA were still detected under these 
conditions (Fig. 8E-I). These results demonstrate that ORCA associates with methylated 
DNA and also with the enzymatic machinery catalyzing these marks. 
2.2.7 Repressive marks are required for ORCA binding to chromatin 
We have observed that ORCA binding regions are enriched for repressive marks 
including H3K9me3 and methylated CpG sequence in vivo. We observe that ORCA 
directly interacts with both methylated H3K9 peptides and methylated DNA sequences in 
vitro. We reasoned that these repressive marks could also be influencing ORCA 
recruitment onto chromatin. To test this hypothesis, we depleted H3K9 
methyltransferases SUV39H1 and SUV39H2 by siRNA (Fig. 8J). SUV39H1 and H2 are 
responsible for establishing H3K9me3 and depletion of these two enzymes leads to a 
significant loss of H3K9me3 mark (Fig. 8J, 8K). It has been shown that H3K9me3 and 
DNA methylation are dependent on each other (Cedar and Bergman 2009), and we found 
that depletion of SUV39H1 and H2 also led to a reduction of DNA methylation level at 
several loci (Fig. 8L). We then carried out ORCA ChIP in SUV39-depleted cells and 
found that ORCA binding at several genomic loci is significantly reduced upon SUV39 
depletion (Fig. 7F), indicating that these repressive chromatin marks are required for 
ORCA binding at these regions. The total protein level of ORCA did not change 
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significantly in SUV39-depleted cells (Fig. 8J). Thus, ORCA could be recruited to its 
binding sites by directly recognizing repressive chromatin marks and hence recruit other 
factors to its binding sites for its replication and/or heterochromatin functions. 
2.3 Discussion 
ORCA is an ORC-associated protein that plays important roles in replication initiation as 
well as heterochromatin organization (Bartke et al. 2010; Shen et al. 2010; Vermeulen et 
al. 2010; Shen et al. 2012; Giri et al. 2015). We report that ORCA shows a dynamic 
binding pattern on chromatin during G1 phase and that ORCA associates with a distinct 
set of origins that are enriched for repressive marks, including H3K9me3 and methylated 
CpG sequence and these origins are predominantly late-replicating origins. We also show 
that ORCA can directly interact with these repressive marks and binds to the enzymes 
catalyzing these marks.  Finally, the binding of ORCA to specific chromatin sites is 
required for maintaining the repressive marks at these sites suggesting the existence of a 
feedback loop to maintain heterochromatin structure. 
The loading of ORC onto replication origin marks the initial step of the licensing process. 
ORC loading triggers the sequential loading of Cdc6, Cdt1, and the hexamer helicase 
MCM2-7 (Bell and Dutta 2002). However, few studies have been done to determine how 
the whole licensing process is coordinated during the length of G1 and whether all the 
origins are licensed in a synchronized manner. This is the first study investigating the 
genome-wide distribution of a preRC or a preRC-associated protein during G1 in 
synchronized mammalian cells. Previous work reported the ‘sedimentation-coefficient 
shifted chromatin’ mapping of Orc1 binding sites in human cells and found that Orc1 
binding sites represent a subset of origins. These origins represent active replication 
origins, and were associated with open chromatin (Dellino et al. 2013). However, the 
chances of mapping the Orc1 to heterochromatin were diminished because of their 
experimental design. Our results show that the association of ORCA onto origins during 
G1 is temporally regulated and highly dynamic. About half of the origins occupied by 
ORCA at early G1 are no longer bound by ORCA at mid G1 and only a small subset of 
origins is bound by ORCA throughout G1. This is consistent with our previous 
observation that ORCA protein level peaks at G1 phase and decreases as cells move 
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towards S phase. These results indicate that the loading of preRC at origin during G1 may 
be a dynamic process and it is possible that once the licensing process is finished, some 
of the factors that facilitate the initial loading of preRC components are no longer bound 
to origins. In vitro studies have shown that in Xenopus laevis egg extracts, once the MCM 
complex is loaded, ORC is no longer required for MCM to initiate replication (Hua and 
Newport 1998). Our results here show that in vivo, some of the pre-RC proteins or 
accessory factors may also dissociate from origins once MCM is loaded. 
Metazoan replication origins lack consensus sequences and how origins are selected and 
licensed during G1 phase remains unknown. It has been proposed that origin selection is 
determined by the local chromatin structure or by the pre-RC interacting proteins that 
bind origins. Several studies mapped replication origins in metazoan cells using different 
methods (Sequeira-Mendes et al. 2009; MacAlpine et al. 2010; Martin et al. 2011). 
Although discrepancies exist, these studies generally agree on the fact that replication 
initiation events are enriched at open chromatin regions. Nevertheless, heterochromatin 
regions also need to be replicated and “licensed” during G1 phase. ORCA could be a 
protein that can bind to origins with repressive chromatin marks and dictate the binding 
of other pre-RC proteins. We have previously demonstrated that in human cells ORC 
exists in excess to ORCA (Shen et al. 2012). Thus it is likely that ORCA facilitates the 
loading of ORC to a subset of late-replicating origins that are enriched for repressive 
marks whereas other factors, possibly origin binding proteins or specific chromatin 
marks, may facilitate ORC loading onto origins at other chromatin regions. However our 
attempts to map Orc1 and Orc2 in human U2OS cells failed and therefore we do not have 
a conclusive answer on the binding dynamics of ORC. This is similar to what others have 
reported about lack of significant enrichment over background when attempting MCM 
and ORC ChIP (Schepers and Papior 2010). Further, how ORC binding is affected in the 
absence of ORCA remains to be answered.  
Many factors and epigenetic mechanisms dictate the timing and efficiency of origin firing 
during S-phase. Spatial organization of origins within nuclear territories is an important 
determining factor for the origin timing. Early origins are thought to be more efficient 
with respect to the timing and efficiency of firing, whereas late origins are less efficient 
(Yamashita et al. 1997; Yang et al. 2010). It is believed that the local concentration of the 
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initiation factors dictates the temporal firing of origins. However, why the initiation 
factors are recruited to some origins and not to others are unclear. Chromosomal context 
and chromatin architecture are key elements that determine the replication origin timing 
and firing (Ferguson and Fangman 1992). Early firing of origins is the default state. The 
repressive chromatin environment that flanks the origin causes an origin to fire late (Lei 
et al. 1996; Vorobyeva et al. 2013). Early replicating origins are enriched for euchromatic 
histone modifications including H3K4me1/2/3, H3K9ac, H3K1ac, H3K36me3 and 
H3K27ac), whereas late replication is marked by repressive chromatin modifications 
including H3 and H4 hypoacetylation, H3K9me1/3 and H3K27me3 (Mechali et al. 2013; 
Picard et al. 2014; Fragkos et al. 2015).   
Our data demonstrates that ORCA associates with a distinct class of origins that are 
enriched for repressive marks and primarily replicate late during S phase.  The 
connections between H3K9me and late-firing replication origins has recently been 
reported in fission yeast as well (Zofall et al. 2016). Our recent study using eight different 
cell lines, including cancer and non-cancer cells, has shown that the shared replication 
origins preferentially localize to unmethylated CpGs and with euchromatic marks 
including H3K4me3 and H3K9ac, whereas, the cell-type specific origins preferentially 
localize to heterochromatin marks such as H3K9me3 (Smith et al. 2016). We determined 
that shared origins replicated throughout S-phase, but the unique origins mostly 
replicated during late S phase (Smith et al. 2016). Indeed, we found that the ORCA-
bound sites represent unique origins, consistent with ORCA-bound origins representing 
late-firing origins. We have previously shown that loss of ORCA causes changes in 
replication timing of a few tested origins. Further, fewer cells were found to exhibit the 
late S-phase pattern in the absence of ORCA (Giri et al. 2015).  These observations 
suggest that the association of ORCA with a subset of origins enriched for the repressive 
marks during G1 phase may also dictate its replication timing during S-phase. Whether 
the ORCA-bound origins are still functional origins in the absence of ORCA is an 
interesting question. We hope that the genome-wide replication profiling experiments 
would address this aspect in the future.   
Our ChIP-seq result showed that ORCA co-localizes with repressive marks including 
H3K9me3 and methyl-CpG sites, and that ORCA associates directly with methylated 
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H3K9 peptides (Giri et al. 2015) as well as methylated DNA sequence. We propose that 
ORCA is recruited onto chromatin by directly recognizing and interacting with the 
repressive marks. In support of this hypothesis, we showed that ORCA binding to certain 
regions is reduced upon SUV39 depletion, which reduces H3K9me3 as well as other 
repressive marks on the chromatin. Notably, depletion of SUV39 causes a global change 
in chromatin structure. Thus, it is also possible that the reduced ORCA binding that we 
observe upon SUV39-depletion is due to a change in the global chromatin structure. 
Nevertheless, our results show that the loading of ORCA onto chromatin requires proper 
chromatin architecture. Interestingly, not only does ORCA bind to the repressive marks, 
it also appears to regulate these marks at its binding sites. We find that the loss of ORCA 
causes reduced H3K9me3 as well as DNA methylation level at its binding sites. There is 
a lot of evidence highlighting the crosstalk between H3K9 methylation and DNA 
methylation (Cedar and Bergman 2009). Thus, it is not clear whether the reduction in 
these two marks upon ORCA depletion is a consequence of one affecting the other. 
However, ORCA interacts with the enzymes that catalyze these marks, including H3K9 
lysine methyltransferases and DNA methyltransferase. Based on our data, we propose a 
feedback loop between ORCA and repressive chromatin marks (Fig. 9). The repressive 
marks at heterochromatin regions are required for initial ORCA loading. ORCA is then 
able to recruit the histone and DNA methyltransferases to its binding sites and facilitate 
the spreading of these repressive marks. During G1, ORCA binds to origins enriched for 
repressive marks and this in turn may dictate heterochromatin replication in the following 
S phase. 
2.4 Material and Methods 
2.4.1 Chromatin Immunoprecipitation (ChIP) and ChIP-seq 
Detailed ChIP protocol is described in supplementary material and methods. 
Construction of ChIP-Seq libraries and sequencing on the HiSeq2500 was carried out at 
the Roy J. Carver Biotechnology Center, University of Illinois at Urbana-Champaign 
(UIUC). The libraries were constructed with the Kapa Hyper Prep Kit from Kapa 
Biosystems (Kapa Biosystems, MA). Briefly, DNAs (10ng) were blunt-ended, 3’-end A-
tailed and ligated to indexed adaptors with 6nt barcodes. Adaptored DNA were amplified 
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by PCR to selectively enrich for those fragments that have adapters on both ends. 
Amplification was carried out for 10 cycles with the Kapa HiFi polymerase (Kapa 
Biosystems, Woburn, MA) to reduce the likeliness of multiple identical reads due to 
preferential amplification. The final libraries were run on Agilent bioanalyzer DNA high-
sensitivity chip (Agilent, Santa Clara, CA) to determine the average fragment size and to 
confirm the presence of DNA of the expected size range. They were also quantitated by 
qPCR on a BioRad CFX Connect Real-Time System (Bio-Rad Laboratories, Inc. CA) 
prior to pooling and sequencing. 
The ChIP-Seq libraries were pooled in equimolar concentration based on the qPCR 
concentration and sequenced on four lanes on an Illumina HiSeq2500 using HiSeq SBS 
sequencing kits version 4. The raw .bcl files were converted into demultiplexed 
compressed fastq files using the bcl2fastq 1.8.2 conversion software (Illumina). 
Independently, ChIP-Seq for the 1.5 hr and 3 hr time points was performed in duplicates 
with 2 independent biological replicates using the HiSeq Rapid choice method. 
2.4.2 Nascent strand sequencing 
Replication origins were mapped using nascent strand sequencing (Martin et al. 2011; Fu 
et al. 2014). In short, the nascent strand samples were prepared by collecting λ 
exonuclease resistant, 0.5-2.5 kb fragments of single stranded DNA from asynchronous 
U2OS cell populations. High molecular weight genomic DNA was prepared in parallel 
from the same population of cells, sonicated and sequenced. All samples were subject to 
massively parallel sequencing using standard Illumina protocols (Fu et al. 2015).  
Following sequencing, Genomatix (https://www.genomatix.de/) was used to call peaks 
against appropriate genomic DNA or input controls. Either the MACS algorithm or the 
SICER algorithm was used. SICER was used to call peaks for the nascent strand 
sequencing with the following parameters: redundancy threshold = 2, window size = 200, 
fragment size = 150, gap size = 600, FDR = 0.01, p-value = 200. MACS was used to call 
peaks for the ORCA ChIP-Seq with the following parameters: Tag size = 20, q-value = 
0.01, bandwidth = 300, lower and upper limit to mold for (model) = 10-30, redundancy 
threshold=auto. Bed file peaks identified by SICER or MACS were visualized along with 
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the tiled original data using the Integrative Genome Viewer 
(https://www.broadinstitute.org/igv/).  
2.4.3 BED File Comparisons 
A custom script (available upon request) was used to create a list of sequences from a 
reference file (input 1) that are or are not found within a user-defined distance of 
sequences in the comparator file (input 2).  The BedIntersect script outputs the peaks 
from the reference file that overlap within 2 kb of the comparator, while the BedSubtract 
script outputs the peaks that are found in the reference and not in the comparator.  Series 
of intersections and subtractions were performed to identify the extent of colocalization 
among ORCA, methylated CpGs, histone modifications and replication origins. Whole-
genome co-localization was visualized and quantified using ColoWeb (Kim et al. 2015) 
and verified with Genomatix.   
2.4.4 Methylated DNA Immunoprecipitation (MeDIP) and MeDIP-seq 
Detailed MeDIP protocol is described in supplementary material and methods 
For MeDIP-seq, sonicated genomic DNA (6 µg) was used to construct libraries using the 
Kapa Hyper Prep Kit (Kapa Biosystems, MA) prior to performing MeDIP. Briefly, 6µg 
of sonicated DNA were blunt-ended, 3’-end A-tailed and ligated to indexed adaptors with 
6nt barcodes. Adaptored DNA was then subjected to MeDIP as described above. 5ng of 
pull down DNA were amplified by PCR to selectively enrich for those fragments that 
have adapters on both ends. Amplification was carried out for 12 cycles with the Kapa 
HiFi polymerase (Kapa Biosystems, Woburn, MA) to reduce the likeliness of multiple 
identical reads due to preferential amplification. The final libraries were run on Agilent 
bioanalyzer DNA high-sensitivity chip (Agilent, Santa Clara, CA) to determine the 
average fragment size and to confirm the presence of DNA of the expected size range. 
They were also quantitated by qPCR on a BioRad CFX Connect Real-Time System (Bio-
Rad Laboratories, Inc. CA) prior to pooling and sequencing. 
The MeDIP libraries were pooled in equimolar concentration based on the qPCR 
concentration and sequenced on two lanes on an Illumina HiSeq2500 using HiSeq SBS 
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sequencing kits version 4. The raw .bcl files were converted into demultiplexed 
compressed fastq files using the bcl2fastq 1.8.2 conversion software (Illumina). 
2.4.5 MeDIP-seq data analysis 
The MeDIP-seq sequencing reads were aligned to the GRCh37/hg19_noMask version of 
the Human genome using Bowtie 0.12.7 (Langmead et al. 2009). The single-end MeDIP-
seq sequencing reads were aligned with the following Bowtie parameters: -n 2 -l 20 -M 1 
--tryhard. MeDIP-seq peaks were called using Model-based Analysis of ChIP-Seq 
(MACS) with default parameters (Zhang et al. 2008). Input sequencing libraries were 
used to control for sequencing specific biases. 
2.4.6 Data access 
All sequencing data have been submitted to NCBI Gene Expression Omnibus (GEO) 
(http://www.ncbi.nlm.nih.gov/geo/). The accession numbers are: H3K9me3 ChIP-seq 
(GSE68129); ORCA ChIP-seq and MeDIP-seq in U2OS cells (GSE81165); U2OS 
nascent strand-seq (GSE80391). 
2.4.7 Plasmid and constructs 
ORCA constructs were described previously (Shen et al. 2010). Myc-DNMT1, Myc-
DNMT3a and Myc-DNMT3b constructs were kindly provided by Dr. Arthur I. Skoultchi 
(Albert Einstein College of Medicine). HA-DNMT1, HA-DNMT3a and HA-DNMT3b 
were constructed by cloning into pCGN constructs. Bacterially expressed His-SUMO-
ORCA was constructed by cloning ORCA cDNA into pET28b-SUMO vector that was 
kindly provided by Dr. Brian Freeman (University of Illinois at Urbana-Champaign). 
2.4.8 Cell culture and synchronization 
U2OS cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) containing 
high glucose and supplemented with 10% fetal bovine serum (FBS—HyClone GE, 
Pittsburg, PA). Vectors and siRNA were delivered using Lipofectamine 2000 and 
Lipofectamine RNAiMax (Invitrogen) respectively as per the manufacture’s protocol. 
To synchronize cells at G1 phase, nocodazole block and release was performed. U2OS 
cells were synchronized at prometaphase by treating with nocodazole (50ng/ml) for 12 
hours. Loosely attached metaphase cells were shaken off and washed twice with PBS and 
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once with fresh culture medium. Cells were then plated with fresh culture medium and 
collected 1.5 hour, 3 hours and 5 hours after release. Cells were monitored by microscopy 
after release to ensure proper mitotic progression. Efficiency of this synchronization 
method was validated previously (Chakraborty et al. 2014). 
2.4.9 Chromatin Immunoprecipitation (ChIP) 
HA-ORCA ChIP was carried out in U2OS cells stably expressing HA-ORCA. Cells at 
different G1 stages were fixed by adding formaldehyde to culture medium to a final 
concentration of 1% and incubating at room temperature (RT) for 10min. Glycine was 
then added to a final concentration of 0.125M and incubated for another 10min at RT. 
Fixed cells were then washed and harvested with ice cold PBS. Cells were then subjected 
to two subsequent extraction steps with Buffer 1 (50 mM HEPES/KOH pH 7.5; 140 mM 
NaCl; 1 mM EDTA; 10% glycerol; 0.5% NP-40; 0.25% Triton) and Buffer 2 (200 mM 
NaCl; 1 mM EDTA; 0.5 mM EGTA; 10 mM Tris pH 8.0) for 10min at 4°C. Pelleted 
nuclei were then lysed in Buffer 3 (50 mM Tris pH 8.0; 0.1% SDS; 1% NP-40; 0.1% Na-
Deoxycholate; 10 mM EDTA; 150 mM NaCl) and subjected to sonication using 
Diagenode Bioruptor for 30-45 cycles of 30s ON and 30s OFF to obtain genomic DNA 
fragments with a bulk size of 200-600bp. Chromatin was then pre-cleared at 4°C using 
protein G Dynabeads (Life Technologies) for 1 hour before incubation with anti-HA 
antibody or mouse IgG overnight at 4°C. Co-precipitated DNA was pulled down using 
Dynabeads pre-blocked with 1mg/ml bovine serum albumin (BSA) for 1.5 hour at 4°C. 
Beads were washed once with Low salt buffer (0.1% SDS; 1% Triton; 2 mM EDTA; 20 
mM Tris pH 8.0; 150 mM NaCl), once with High salt buffer (0.1% SDS; 1% Triton; 2 
mM EDTA; 20 mM Tris pH 8.0; 500 mM NaCl), once with LiCl wash buffer (10 mM 
Tris pH 8.0; 1% Na-deoxycholate; 1% NP- 40, 250 mM LiCl; 1 mM EDTA) and twice 
with TE + 50mM NaCl. Beads were eluted with 1% SDS+0.1M NaHCO3 at 65°C and 
cross-link was reversed with 0.2M NaCl overnight at 65°C. Eluted materials were treated 
with RNase-A at 37°C for 1 hour and Protease-K at 45°C for 1 hour. Eluted DNA was 




2.4.10 Methylated DNA Immunoprecipitation (MeDIP) 
MeDIP was performed as previously described with minor modifications (Mohn et al. 
2009). Briefly, genomic DNA from U2OS cells was sheared to 200-600bp by sonication 
using Diagenode Bioruptor for 15 cycles of 30s ON and 30s OFF. 4µg of sheared DNA 
was used in each reaction. DNA was denatured by heating at 95°C for 10min and 
immediately keeping on ice for 10min. Denatured DNA was pre-cleared at 4°C using 
protein G Dynabeads (Life Technologies) for 1 hour before incubation with 2 µg anti-5-
methylcytosine (Active Motif, 39649) antibody or mouse IgG for 3 hours at 4°C. Co-
precipitated DNA was pulled down using Dynabeads pre-blocked with 1mg/ml bovine 
serum albumin (BSA) for 1.5 hours at 4°C. Beads were washed with MeDIP buffer twice 
and MeDIP buffer supplemented with 500mM NaCl once at 4°C. Co-precipitated DNA 
was eluted as in ChIP and purified using gel purification column (Qiagen).  
2.4.11 Protein expression and purification 
Vectors containing bacterially expressed His-SUMO-ORCA or His-SUMO were 
transformed into E. coli BL21. Overnight culture was diluted 1:200 into 200ml of LB 
medium and cultured at 37°C until OD reached 0.6. Cultures were then induced with 
0.5mM IPTG and grown at 18°C with shaking overnight. The pelleted bacterial culture 
was resuspended with lysis buffer (25 mM sodium-phosphate buffer pH 7.0; 250 mM 
NaCl; 0.05% Triton X-100; 10% glycerol) supplemented with protease inhibitor and 
1mg/ml lysozyme (Sigma) and incubated on ice for 45min. The lysate was then sonicated 
and pelleted by centrifugation and the supernatant was incubated with 500 µl of TALON 
Beads (Clontech) for 30min at 4°C. Beads were washed three times with elution buffer 
(50 mM HEPES pH7.9; 250mM NaCl; 0.05% Triton X-100; 20% glycerol) 
supplemented with 10 mM imidazole at 4°C. His-tagged proteins were finally eluted with 
1 ml elution buffer supplemented with 200 mM imidazole. 
2.4.12 Co-Immunoprecipitations and immunoblots 
U2OS cells were transiently transfected with ORCA and DNMT constructs and harvested 
48 hours post-transfection. Cells were lysed in IP buffer containing 50mM Tris (pH7.4), 
500mM NaCl, 0.5% NP-40, 1mM DTT, 10% glycerol, and protease and phosphatase 
inhibitors for 30min at 4°C. The lysate was then diluted with equal volume of IP buffer 
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containing no NaCl to bring down the NaCl concentration to 250mM. The diluted lysate 
was pre-cleared with Gammabind Sepharose beads for 1h at 4°C and incubated with 
appropriate antibody overnight at 4°C. Protein complex bound by antibody was pulled 
down by Gammabind Sepharose beads for 1.5h at 4°C. The beads were then washed with 
IP buffer supplemented with 250mM NaCl three times and denatured in Laemmli buffer. 
Eluted lysate was analyzed by western blotting. For the co-IP experiments performed in 
the presence of EtBr, EtBr were added to IP buffer to a final concentration of 50mg/ml 
after the lysis step and used during all subsequent steps. For the co-IP experiments 
performed in the presence of RNaseA, lysate was digested with RNaseA (10mg/ml) for 
30 min at room temperature before the pre-clear step. 
For immunoprecipitations and immunoblotting the following antibodies were used: anti-
HA (12CA5, 1:500), anti-T7 (1:5000; Novagen, 69522), anti-Myc (9E10, 1:300), anti-
ORCA (pAb 2854-1 AP, 1:500), anti-α-tubulin (1:10000, Sigma-Aldrich, T5168), anti-
DNMT3a (1:1000; Santa Cruz Biotechnology, sc-20703), anti-SUV39H1 (1:200, 
Millipore, 07-550), anti-H3K9me3 (1:500, Millipore, 07-442). 
2.4.13 Ribosomal RNA transcription analysis 
RNA from control and ORCA-depleted U2OS cells was extracted with Trizol Reagent 
(Invirogen) as per the manufacture’s protocol. DNase treated RNA was reverse 
transcribed by SuperScript III first-stand synthesis system (Invitrogen). The synthesized 
cDNA was then used in qPCR analysis. 
2.4.14 Primers and siRNA sequences 
ORCA siRNA and control siRNA were described previously (Shen et al. 2010) 
SUV39H1 (5′-ACCUCUUUGACCUGGACUAT-3′) and SUV39H2 (5′-
GAAGCUACCUUUGGUUGU UTT-3′) siRNA oligonucleotides were synthesized by 







Real-time primer sequences used in this study are listed as below: 
Table1: Primers used in this study 
Name Sequence Used in 
JUN TCTGGACACTCCCGAAACAC ChIP/MeDIP 
CAGCCAGGTCGGCAGTATAG 
OTOP2 CAGCGGGCTCTTCCCTAAAT ChIP/MeDIP 
TGGACAGGCGCTTTATACCC 
BRSK2 TCCCCACCTCTTTGCATACG ChIP/MeDIP 
CCAGTCCAGCTGAAGTCCTG 
PRKAR1B TGACAGCATCTGTAACTAGGCTGAA ChIP/MeDIP 
CCAGGTGTTTCGCTAGCTTGT 
CELSR3 GGTAGCCCTCCTCCACATTCT ChIP/MeDIP 
GGTTTTTGAGCAAGCGCAGTA 
FAM20A GCGGCTGCAATAGAAACTTTTT ChIP/MeDIP 
CGAACCCCACCAGCTGTT 
rDNA GTATATCTTTCGCTCCGAGTCG ChIP/MeDIP 
ACAGGTCGCCAGAGGACAG 
45S pre-rRNA CTCCGTTATGGTAGCGCTGC Transcription 
analysis GCGGAACCCTCGCTTCTC 
2.4.15 Electrophoretic mobility shift assay (EMSA) 
Probes used in EMSA experiments were synthesized as single-stranded oligonucleotides 










Double-stranded probes were generated by combining equal molar forward and reverse 
oligonucleotides, heating at 95°C for 5min and slowly cooling to room temperature. 
Double-stranded probes were end labeled with 32P using T4 Polynucleotide Kinase 
(NEB). 
EMSA binding reactions were assembled in 30ul reaction volume. Purified proteins 
(HIS-SUMO-ORCA) were incubated with 1µg bovine serum albumin (BSA), 300ng 
poly(dI-dC) (Sigma) as non-specific competitor, and 0.1pmol 32P labeled probe in 
binding buffer (20mM HEPES pH7.9; 150mM KCl; 1mM EDTA; 0.5mM DTT and 8% 
glycerol) for 30min on ice. The binding reactions were then loaded on to a 5% non-
denaturing polyacrylamide (19:1) gel that has been pre-run for 1h at 240V in 1X Glycerol 
Tolerant Gel (GTG) buffer (89mM Tris, 0.03M Taurine, 0.5mM EDTA) at 4°C. The 
samples were electrophoresed at 240V for 1 hour at 4°C. The gel was then dried at 80°C 






Figure 1. Dynamic binding of ORCA on chromatin during G1 phase. (A) Venn 
diagram summarizing the number of ORCA peaks at each time point during G1 phase 
and their overlaps. (B) Representative screenshots of regions with different ORCA 
binding pattern throughout G1 visualized with Integrated Genome Viewer (Ba, Bc, 
Be) and corresponding ChIP-qPCR validation of ORCA binding pattern during G1 
(Bb, Bd, Bf). The horizontal bars below the peaks represent the called-peaks. ChIP 
was performed in the U2OS cell line stably expressing HA-ORCA. Error bars 
represent s.d., n=3, *p<0.05.	
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Figure 2. Dynamic binding of ORCA on chromatin during G1 phase. (A) IP in 
the U2OS cell line stably expressing HA-ORCA showing that, like endogenous 
ORCA, HA-ORCA interacts with Orc2. (B) Western blot and FACS profile at 
different time point post nocodazole release. (C) C-Fos promoter region was used as 
a negative control for ChIP-seq validation. (D) ChIP-qPCR in U2OS cell line stably 
expressing HA-ORCA using HA antibody (Da) and ChIP-qPCR at the same locus in 
wild type U2OS cells using ORCA antibody (Db). Error bars represent s.d., n=3. (E) 




Figure 3. ORCA associates with replication origins. (A) Genome-wide co-
localization of ORCA binding sites as a function of the distance from replication 
origin sites. (B) Percentage of ORCA binding sites that co-localize with replication 
origins at each time point of G1 phase. (C) Venn diagram summarizing the number 
of ORCA-associated origins at each time point during G1 phase and their overlaps. 
(D) Representative screenshots showing different ORCA-origin co-localization 
visualized with Integrated Genome Viewer. 
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Figure 4. ORCA binding regions are enriched for H3K9me3 and methylated 
CpG. (A) Co-localization of ORCA with H3K9me3. (Aa) Genome-wide co-
localization of ORCA binding sites as a function of the distance from H3K9me3 sites. 
(Ab) Percentage of ORCA binding sites that co-localized with H3K9me3 at each time 
point of G1 phase. (Ac) Representative screenshots of ORCA and H3K9me3 co-
localization visualized with Integrated Genome Viewer. (B) Co-localization of 
ORCA with methyl-CpG sites. (Ba) Genome-wide co-localization of ORCA binding 
sites as a function of the distance from methyl-CpG sites. (Bb) Percentage of ORCA 
binding sites that co-localized with methyl-CpG sites at each time point of G1 phase. 
(C) Percentage of H3K9me3 containing ORCA peaks that showed highly significant 
H3K9me3 reduction upon ORCA depletion. (D) MeDIP-qPCR at several ORCA 
binding regions in control and ORCA-depleted cells. Error bars represent s.d., n=3, 
**p<0.01.	
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Figure 5. ORCA binding regions are enriched for H3K9me3 and methylated 
CpG.	(A) Representative screenshots of ORCA and H3K9me3 co-localization 
visualized with Integrated Genome Viewer. (B) Representative screenshots 
showing H3K9me3 lost from ORCA binding sites upon ORCA depletion. Note 
that the adjacent H3K9me3 sites that are not occupied by ORCA do not show 
H3K9me3 reduction upon ORCA depletion. (C) Transcription level of 45S pre-
rRNA in control and ORCA depleted cells. Error bars represent s.d., n=3, 
*p<0.05. (D) Percentage of ORCA binding sites that replicate during different 




Figure 6. ORCA-associated replication origins are enriched for H3K9me3 and 
emthylated CpG. (A) Percentage of total origins that co-localize with H3K9me3 
and methyl-CpG sites. (B) Percentage of ORCA-associated origins that co-localize 
with H3K9me3. (C) Percentage of ORCA-associated origins that co-localize with 
methyl-CpG sites. (D) Representative screenshots showing one ORCA-associated 
origin that co-localizes with H3K9me3 as well as methyl-CpG site visualized by 
Integrated Genome Viewer. Note the adjacent origins that do not co-localize with 




Figure 7. ORCA associates with methylated DNA sequence in vitro and 
interacts with DNA methyltransferases. (A) Electrophoretic mobility shift assay 
(EMSA) showing purified His-SUMO-ORCA protein preferentially interacts with 
methylated DNA substrate in vitro. His-SUMO is used as negative control. (B) 
EMSA showing purified His-SUMO-ORCA protein interacts with both hemi-
methylated and fully methylated DNA substrate in vitro. (C) Immunoprecipitation 
(IP) in U2OS cells transiently expressing T7-ORCA and Myc-DNMT1 using T7 
antibody. Results were analyzed by ORCA and Myc immunoblot. (D) IP in U2OS 
cell line stably expressing HA-ORCA using HA antibody. Results were analyzed by 
ORCA and DNMT3a immunoblot. (E) IP in U2OS cells transiently expressing Myc-
DNMT3b using ORCA antibody. Results were analyzed by ORCA and Myc 
immunoblot. * denotes cross-reacting bands. (F) ORCA ChIP-qPCR in control and 




Figure 8. ORCA associates with methylated DNA sequence in vitro and 
interacts with DNA methyltransferases. (A) EMSA showing purified GST-
Orc1 protein does not show preference for methylated or un-methylated DNA 
substrate in vitro. (B-D) IP in U2OS cells transiently expressing T7-ORCA and 
HA-DNMT1/HA-DNMT3a/Ha-DNMT3b using HA antibody. Results were 
analyzed by HA and ORCA immunoblot. (E-G) IP in U2OS cells transiently 
expressing T7-ORCA and HA-DNMT1/Myc-DNMT3a/Myc-DNMT3b using T7 
antibody in the presence or absence of EtBr. Results were analyzed by 
immunoblot. (G-I) IP in U2OS cells transiently expressing T7-ORCA and Myc-
DNMT1/Myc-DNMT3a/Myc-DNMT3b using T7 antibody with and without 
RNaseA treatment. Results were analyzed by immunoblot. (J) Immunoblot 
showing the level of proteins in control and SUV39H1/H2 depleted cells. * 
denotes cross-reacting bands. (K) H3K9me3 ChIP-qPCR at several ORCA-
binding sites in control and SUV39H1/H2-depleted cells. Error bars represent 
s.d., n=3, **p<0.01. (L) DNA methylation level at several ORCA-binding sites 
analyzed by MeDIP-qPCR in control and SUV39H1/H2-depleted cells. Error bars 




Figure 9. Model depicting ORCA’s role in licensing as well as heterochromatin 
organization. Model showing how ORCA functions during the licensing process 
(top) and heterochromatin organization (bottom). 
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CHAPTER 3. THE ROLE OF RFWD3 IN REGULATING CELL CYCLE 
PROGRESSION 
3.1 Introduction 
During each eukaryotic cell cycle, the faithful transmission of genome to daughter cells 
requires the precise coordination of DNA replication and chromosome segregation. DNA 
replication in eukaryotic cells starts from multiple loci on chromosomes, called 
replication origins. During G1 phase, ORC is loaded onto origins and facilitates the 
loading of pre-RC proteins including Cdc6, Cdt1 and the helicase complex, MCM2-7 
(Bell and Dutta 2002). However, at this stage, MCM complex is inactive. At the onset of 
S phase, DDK and CDK phosphorylate multiple MCM subunits (Randell et al. 2010; 
Sheu and Stillman 2010). The phosphorylation of MCM is required for the assembly of 
CMG complex, which includes Cdc45, MCM2-7 and GINS complex, and the CMG 
complex acts as the active helicase in front of the replication fork to unwind double 
stranded DNA (Ilves et al. 2010). Once double stranded DNA is unwound and single 
stranded DNA is formed, proteins involved in replication elongation, including RFC, 
PCNA, RPA and DNA Pol a, will be loaded and replication elongation will initiate 
(Fragkos et al. 2015). As replication fork progresses, cellular processes such as 
nucleosome assembly, deposition of epigenetic marks, establishment of cohesion 
between the newly replicated sister chromatids also need to be coordinated near the 
replication fork. In addition, cells also need to cope with errors occurring during DNA 
replication. When cells encounter DNA damage, DNA damage checkpoint will be 
activated, which will ensure that he cell cycle progression is halted until the damage is 
repaired. 
RFWD3 is a E3 ligase containing RING finger and WD40 domains. RFWD3 was 
initially identified in proteomic studies as a substrate of ATM/ATR (Matsuoka et al. 
2007; Mu et al. 2007). RFWD3 has SQ-rich domain (SSQ) at its N-terminus, which is a 
hallmark of DNA damage response and its function in DNA damage response has been 
characterized before. Previous studies suggest that RFWD3 mediates the oligo- 
ubiquitination of p53 and function as a positive regulator of p53 in response to DNA 
damage. RFWD3 associates with Mdm2, which is the major antagonist of p53 in the cell. 
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RFWD3 restricts Mdm2’s ability to extend the poly-ubiquitin chain on p53 and thus 
stabilizes p53 (Fu et al. 2010). RFWD3 has also been shown to associate with replication 
protein A (PRA) and can translocate to the site of DNA damage in a PRA-dependent 
manner (Gong and Chen 2011; Liu et al. 2011). RFWD3 mediates the ubiquitination of 
RPA and is important for DNA damage repair at stalled replication fork (Elia et al. 2015). 
Although several studies suggest that RFWD3 plays an important role in DNA damage 
response, there has been no report so far about whether and how RFWD3 regulates 
unperturbed cell cycle progression. 
Proliferating cell nuclear antigen (PCNA) is the sliding clamp at replication fork which is 
crucial for the processivity of DNA replication. PCNA can form homotrimer that 
encircles the DNA strand and is the processivity factor of DNA polymerase delta in 
eukaryotic cells. In addition to PCNA’s primary function to tether different replication 
factors to the DNA template, PCNA also acts as the interacting scaffold at the center of 
replication fork to coordinate various processes such as nucleosome assembly, epigenetic 
inheritance, as well as during DNA damage repair. Many PCNA interacting proteins 
associate with PCNA via consensus sequence called PCNA-interacting protein (PIP) box 
motif. The PIP box sequence is presented in more than 200 human proteins and the 
regulated interaction of PCNA with its numerous interacting partners is critical for proper 
cell cycle progression (Mailand et al. 2013). 
Here, we described an important role of RFWD3 in regulating unperturbed cell cycle 
progression. We showed that RFWD3 is required for proper cell cycle progression. 
Depletion of RFWD3 leads to cell cycle arrest and S phase defect in multiple cell lines. 
We observed slower replication fork progression and prolonged S phase in the absence of 
RFWD3. We also found a PIP box motif on RFWD3 which is required for its interaction 
with PCNA. 
3.2 Results 
3.2.1 Loss of RFWD3 causes abnormal cell cycle progression 
Previous studies suggest that RFWD3 plays important role in DNA damage response and 
repair. However, there’s has been no report about whether and how RFWD3 regulated 
unperturbed cell cycle progression. A recent proteomic study identified RFWD3 as a 
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protein associated with newly replicated DNA (Alabert et al. 2014), suggesting RFWD3 
may also play a role during normal cell cycle progression. We performed flow cytometry 
analysis of cells treated with RFWD3 siRNAs. We performed the analysis in multiple 
human cell lines, including fibroblast cells WI38, bone osteosarcoma cells U2OS and 
colon cancer cells HCT116 as well as HCT116 cells lacking p53 or p21. The results 
showed that in all the cell lines we have tested, loss of RFWD3 causes accumulation of 
cells in G2/M phase (Fig. 10A) suggesting activation of the G2/M checkpoint, potentially 
due to improper DNA replication during S phase. 
To further understand the role of RFWD3 in cell cycle progression, we performed 
RFWD3 depletion in serum starved fibroblast cells WI38. Serum starve of WI38 cells 
will cause cells to be arrested in G0 stage and these cells can re-enter cell cycle upon 
serum stimulation. The serum starved cells were released from arrest and harvested at 
12h and 24h post-release for flow cytometry analysis. Out results showed that at 12h 
post-release, both control and RFWD3-depleted cells accumulate in G1 phase. However, 
at 24h post-release, control cells have progress through S and G2/M phase, while the 
RFWD3-depleted cells remain in G1 phase (Fig. 10B). These results suggest that the cells 
cannot re-enter cell cycle efficiently in the absence of RFWD3.  
3.2.2 Loss of RFWD3 causes defective S phase and sister chromatid cohesion defect 
Since our flow cytometry analysis suggested that loss of RFWD3 may lead to activation 
of G2/M checkpoint, we want to understand if there is any replication defect during S 
phase. To address this question, we pulsed U2OS cells with BrdU (60min) and performed 
BrdU-PI analysis. Our results showed that in the absence of RFWD3, there is increased S 
phase cells that are not incorporating BrdU (Fig. 10C), suggesting defect in DNA 
replication during S phase. 
Interestingly, when we analyzed the metaphase chromosome structure by chromosome 
spread, we observed that severe sister chromatid cohesion defects in cells treated with 
RFWD3 siRNA (Fig 10D). Defects in sister chromatid cohesion might either be due to 
incomplete DNA replication or because of an un-identified RFWD3 substrate that is 
required for cohesion. 
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3.2.3 Loss of RFWD3 causes slower replication fork progression and prolonged S 
phase 
To better understand the role of RFWD3 in S phase progression, we performed DNA 
fiber assay to analyze the progression of individual replication fork. We sequentially 
pulsed U2OS cells with two different thymidine analogs CldU and IdU. Cells were then 
lysed and genomic DNA was fix on class slides. Slides were then stained with antibody 
specific to CldU and IdU and the length of IdU track was measured to calculate the 
replication fork speed. We observed 20%-60% reduction in replication fork speed in cells 
depleted of RFWD3 (Fig. 11A). To rule out the possibility that the slower fork 
progression we observed is due to accumulative defect in the previous cell cycle stages, 
we synchronized the cells at G1/S by double thymidine block and release and performed 
RFWD3 depletion after the cells have finished the previous cell cycle. Similarly, in 
synchronized S phase cells, we also observed slower replication fork progression in the 
absence of RFWD3 (Fig. 11B). 
Since depletion of RFWD3 causes slower replication fork progression, we next asked if 
the length of S phase is altered in the absence of RFWD3. To address this question, we 
synchronized cells at G1/S by double thymidine block, released the cells into S phase and 
harvested cells at 7h, 8h and 9h post-release. At each time point, we performed PCNA 
immunofluorescence analysis. We found that by 8h post-release, 50% of the cells treated 
with control siRNA are PCNA negative, suggesting the cells have already completed S 
phase. However, cells lacking RFWD3 showed a large number of PCNA positive cells 
even at 9h post-release (Fig. 11C), suggesting that the depletion of RFWD3 causes 
prolonged S phase. 
3.2.4 Loss of RFWD3 causes aberrant loading of replication protein during S phase 
To understand the molecular mechanism of the S phase defect caused by RFWD3 
depletion, we performed chromatin fractionation to determine the loading of different 
replication factors in the absence of RFWD3. Our results showed that cells lacking 
RFWD3 showed increased chromatin association of pre-IC proteins (CDC45, SLD5) as 
well as single strand binding protein PRA and DNA polymerases (Fig. 11D). These 
results suggest that there may be more stalled replication forks during S phase in the  
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absence of RFWD3. This observation also corroborates the observation that there is 
increased slow-replicating S phase cells in the absence of RFWD3. 
3.2.5 RFWD3 associates with PCNA via a PIP box motif 
In a previous proteomic study to identify proteins that associate with newly replicated 
“nascent chromatin”, RFWD3 was identified as a nascent chromatin associated protein 
(Alabert et al. 2014), suggesting RFWD3 may localize to the replication fork. 
Interestingly, we found that RFWD3 interacts with the fork component PCNA. We 
performed co-immunoprecipitation (co-IP) experiment in U2OS cells stably expressing 
HA-RFWD3 with HA antibody and found that PCNA associates with RFWD3 (Fig. 
12A). Further, using purified proteins we found a direct interaction between RFWD3 and 
PCNA (Fig. 12B). 
PCNA localizes at the replication fork and coordinates key cellular processes by 
interacting with diverse protein partners. Many proteins interact with PCNA via a 
consensus PIP box sequence (Q-XX-L/I/M-XX-HF/DF/Y). We looked for the PIP box 
sequence on RFWD3 and found a PIP box consensus sequence close to the C-terminus of 
RFWD3 (Fig. 12C). We generated a PIP box mutant of RFWD3 by replacing the three 
crucial amino acids in the PIP box sequence. We found that the wild-type but not the PIP 
mutant RFWD3 is able to interact with PCNA (Fig. 12D), suggesting that RFWD3 
associates with PCNA via this PIP box motif. 
These results prompted us to test if RFWD3 localizes to the replication fork via its 
interaction with PCNA. To this end, we depleted PCNA from human cells and evaluated 
the association of RFWD3 to the chromatin. Surprisingly, we found that RFWD3 protein 
level decreased significantly in the absence of PCNA (Fig. 12E), suggesting PCNA may 
stabilize RFWD3. Whether this association is critical for the enzymatic activity of 
RFWD3 remains to be determined. 
3.3 Discussion 
In this study, we describe the role of a E3-ligase, RFWD3, in regulating cell cycle 
progression. Unlike previous studies that focus on the role of RFWD3 during DNA  
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damage response and repair, our study suggests that RFWD3 is also crucial for 
unperturbed cell cycle progression. 
Previous study from others suggests that depletion of RFWD3 in Hela cells does not lead 
to change in cell cycle profile (Elia et al. 2015). Our study here shows that the loss of 
RFWD3 causes G2/M arrest in multiple cell lines, suggesting the cells may have 
activated G2/M checkpoint due to persistent DNA damage during replication. It is 
important to note that the studies have been conducted in different cell lines and the 
status of key checkpoint regulators p53 and p16 are different among the cell lines and 
may cause important differences. Our analysis of individual replication fork suggests that 
the replication forks progress slower in the absence of RFWD3. Consistent with slower 
replication fork progression, cells depleted of RFWD3 also show prolonged S phase. Our 
results also showed that RFWD3-depleted cells showed sister chromatid cohesion 
defects.  Incomplete DNA replication as well as defects in sister chromatid cohesion 
could contribute to the G2/M arrest phenotype we have observed. 
During S phase, many cellular process, including replication elongation, deposition of 
epigenetics mark and establishment of cohesion, need to be coordinated at the replication 
fork. The sliding clamp PCNA acts as a scaffold to interact with diverse protein partners 
to coordinate various processes with the replication machinery. Many PCNA interacting 
proteins associate with PCNA via a consensus sequence, PIP box motif (Mailand et al. 
2013). For example, chromatin factors including CAF1, DNMT1 and SMARCAD1 
associate with PCNA via PIP box to facilitate nucleosome assembly and establish 
epigenetic marks on newly replicated DNA template (Chuang et al. 1997; Moggs et al. 
2000; Rowbotham et al. 2011). The H4K20 methyltransferase SET8 is degraded during S 
phase by interacting with PCNA through its PIP box to prevent re-replication and 
overexpression of SET8 with mutated PIP box causes cellular toxicity (Beck et al. 2012). 
In addition, PCNA can also recruit factors involved in DNA damage repair to stalled 
replication fork. For example, the E3-ligase TRAIP has been shown to associate with 
PCNA via a PIP box motif and play important roles in DNA damage response at stalled 
replication fork (Hoffmann et al. 2016). In this study, we showed that RFWD3 is a novel 
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PCNA interacting protein with PIP box consensus sequence. We showed that the PIP box 
sequence on RFWD3 is required for its association with PCNA. Since previous 
proteomic study suggests that RFWD3 associates with nascent chromatin, it is likely that 
RFWD3 is localized to the replication fork structure via its interaction with PCNA, which 
is essential to regulate proper replication fork progression. 
Previous study suggests that RFWD3 mediate the oligo-ubiquitination of RPA (Elia et al. 
2015). The molecular mechanism of action of RFWD3 at the fork and the substrates it 
might potentially ubiquitinate to regulate fork progression remain to be determined. 
3.4 Material and Methods 
3.4.1 Cell culture and synchronization 
U2OS cells were grown in DMEM containing high glucose and supplemented with 10% 
fetal bovine serum (FBS—HyClone GE, Pittsburg, PA). WI38 cells were grown in MEM 
containing high glucose and supplemented with 10% FBS. HCT116 cells were grown in 
McCoy’s medium containing high glucose and supplemented with 10% FBS. Vectors and 
siRNA were delivered using Lipofectamine 2000 and Lipofectamine RNAiMax 
(Invitrogen) respectively as per the manufacture’s protocol. 
For double thymidine block, U2OS cells were first grown in 2mM thymidine for 24 
hours. Cells were then released from the first thymidine block by washing three times 
with fresh PBS and adding fresh medium without thymidine. After releasing for 12 hours, 
2mM thymidine was again added to the medium for 24 hours. Cells were then washed 
three times with fresh PBS and release into fresh medium without thymidine. 
3.4.2 Plasmid, siRNA and antibodies 
HA-RFWD3 vector were generated by cloning RFWD3 into pCGN vector. GST-RFWD3 
construct was a kind gift from Dr. Yi Wang (Baylor College of Medicine). Mutant 
RFWD3 constructs was generated using QuikChange Site-Directed Mutagenesis Kit 
(Agilent Technologies) as per the manufacture’s protocol. 
The siRNA oligo used in this study was synthesized by Sigma. The siRNA sequences 
are: RFWD3 si-1 (5’-GGACCUACUUGCAAACUAU-3’), RFWD3 si-2 (5’- 
GCAGUCAUGUGCAGGAGUU-3’), PCNA si (5’- CGGUGACACUCAGUAUGUC- 
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3’). 
The following antibodies were used for immunoblotting: anti-RFWD3 (1:250, Bethyl, 
A301-397A), anti-HA (12CA5, 1:500), anti-α-tubulin (1:10000, Sigma-Aldrich, T5168), 
anti-SRSF1 (1:1000, Santa Cruz Biotechnology, sc-33652), anti-PCNA (1:1000, Santa 
Cruz Biotechnology, sc-56), anti-RPA2 (1:250, Santa Cruz Biotechnology, sc-56770), 
anti-CDC45 (1:500, Abcam, ab56476), anti-SLD5 (1:1000, Abcam, ab139683), anti-pol- 
delta (1:1000, Abcam, ab186407), anti-pol-epsilon (1:1000, Abcam, ab74308), anti- 
MCM3 (1:500, pAb738). 
The following antibodies were used for immuno-staining: anti-PCNA (1:200, pc10), anti- 
BrdU (for CldU, 1:200, Bio Rad, OBT0030G), anti-BrdU (for IdU, 1:200, BD, 347580). 
3.4.3 Co-Immunoprecipitations 
U2OS cells were lysed in IP buffer containing 50mM Tris (pH7.4), 500mM NaCl, 0.5% 
NP-40, 1mM DTT, 10% glycerol, and protease and phosphatase inhibitors for 30min at 
4°C. The lysate was then diluted with equal volume of IP buffer containing no NaCl to 
bring down the NaCl concentration to 250mM. The diluted lysate was pre-cleared with 
Gammabind Sepharose beads for 1h at 4°C and incubated with appropriate antibody 
overnight at 4°C. Protein complex bound by antibody was pulled down by Gammabind 
Sepharose beads for 1.5h at 4°C. The beads were then washed with IP buffer 
supplemented with 250mM NaCl three times and denatured in Laemmli buffer. 
For direct interaction assay, 500ng of each protein were incubate in PBS supplemented 
with 0.2% Triton for 30min at 4°C. The mixture was then incubated with antibodies at 
4°C for another 1 hour. Protein complex bound by antibody was pulled down by 
Gammabind Sepharose beads for 1 hour at 4°C. The beads were then washed with PBS 
supplemented with 0.2% Triton three times and denatured in Laemmli buffer 
3.4.4 Chromatin fractionation 
U2OS cells were resuspend with solution A (10mM HEPES pH7.9, 10mM KCl, 1.5mM 
MgCl2, 0.34M sucrose, 1mM DTT, 10% glycerol and 0.1% Triton X-100) and incubate 
on ice for 5min. The cytoplasmic fraction (S1) were then separated from the nuclei by 
centrifuging at 4°C at 1400g for 4min. Isolated nuclei were then washed with solution A 
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without Triton X-100. The nuclei pellet was resuspended with solution B (3mM EDTA, 
0.2mM EGTA, and 1mM DTT) and incubated on ice for 30min. the nuclear soluble 
fraction (S2) were then separated by centrifuging at 4°C at 1700g for 4min. The isolated 
chromatin fraction was then washed with buffer B. The chromatin pellet (P) was finally 
resuspended in solution A and sonicate for 1min to get the lysate. 
3.4.5 DNA fiber assay 
U2OS cells were labeled with 25µM CldU for 30min followed by 30min of labeling with 
250µM IdU. DNA fibers were prepared using the FiberComb molecular combing system 
(Genomic Vision) as per the manufacture’s protocol. 
To visualize the CldU and IdU track, coverslips with DNA fiber were stained with 
antibodies specific to CldU or IdU. Coverslip were denatured in denaturation solution 
(0.5M NaOH, 1M NaCl) for 8min at room temperature. Coverslips were then washed 
with PBS and dehydrated in 70%, 90% and 100% ethanol for 5min each. Re-hydrated 






Figure 10. RFWD3 regulates cell cycle progression. (A) FACS analysis of cells 
treated with indicated siRNA. (B) BrdU-PI FACS analysis of U2OS cells treated 
with indicated siRNA. (C) Scheme and FACS analysis of experiments performed 
in serum starved WI38 cells. (D) Chromosome spread and quantification of 





Figure 11. Loss of RFWD3 causes defective S phase progression. (A) DNA 
fiber analysis in U2OS cells treated with indicated siRNA. (B) DNA fiber 
analysis in S phase U2OS cells treated with indicated siRNA. (C) Scheme of 
experiment in U2OS cells that shows prolonged S phase in the absence of 








Figure 12. RFWD3 associates with PCNA via PIP box consensus sequence. (A) 
Co-immunoprecipitation in U2OS cells stably expressing HA-RFWD3. (B) Direct 
interaction between purified PCNA and GST-RFWD3. (C) Scheme of PIP box 
consensus sequence on RFWD3. (D) RFWD3 with mutated PIP box does not 
associate with PCNA. (E) Depletion of PCNA leads to decreased RFWD3 level. 
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CHAPTER 4. CONCLUSIONS AND PERSPECTIVES 
Eukaryotic cell cycle progression requires the coordination of different cellular processes 
including DNA replication, chromatin organization and chromosome segregation. DNA 
replication in eukaryotic cells starts with the loading of ORC onto replication origins. A 
long-standing question in the field is, how are replication origins selected and how is 
ORC recruited to origins in higher eukaryotes. Unlike yeast, metazoan origins do not 
appear to have consensus sequence and metazoan ORC does not bind to DNA in any 
specific manner. One hypothesis is that the loading of ORC on chromatin may be dictated 
by different ORC-associated proteins and there has been evidence supporting this 
hypothesis (Thomae et al. 2008; Swarnalatha et al. 2012; Zhang et al. 2016). We have 
previously identified ORCA as an ORC-associated protein. We showed that ORCA 
associates with ORC and stabilizes ORC on chromatin. Loss of ORCA leads to 
accumulation of G1 cells in human diploid fibroblast and human embryonic stem cells 
(Shen et al. 2010; Shen et al. 2012). In addition to its function in regulating replication 
initiation, others and we also showed that ORCA is an important player in 
heterochromatin organization (Chan and Zhang 2012; Giri et al. 2015). Despite the 
previous studies, there are still important questions left about how ORCA functions to 
regulate replication initiation and chromatin organization. Although we know that ORCA 
can stabilize ORC on chromatin, but does this stabilization happen at replication origins? 
We observed that ORCA localized to heterochromatin structures by immunofluorescence, 
but does ORCA localize to distinct loci or coat large chunks of chromatin? Why does 
ORCA only localize to heterochromatic structures and is this related to its function in 
heterochromatin organization or replication initiation? And what dictates the binding of 
ORCA onto chromatin? One crucial experiment to solve all these questions was to map 
the binding sites of ORCA genome-wide. As described in Chapter 2, we performed 
ORCA ChIP-seq in synchronized G1 cells. Our results showed that ORCA associates 
with chromatin in a dynamic manner. ORCA localizes to replication origins and its 
association with replication origins is also dynamic. Interestingly, although there is strong 
co-localization of ORCA and replication origins, ORCA only binds to a small subset of 
total origins. This subset of origins that are bound by ORCA appears to be enriched for 
heterochromatic marks including H3K9me3 and methylated CpG sites. ORCA associated 
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origins also appear to be late-replicating, consistent with previous notion that 
euchromatic regions replicate early whereas heterochromatic regions replicate late during 
S phase. I also showed that ORCA directly associates with the repressive marks in vitro 
and repressive marks are required for ORCA’s binding on chromatin. In addition, I also 
showed that ORCA can associate with H3K9 and DNA methyltransferases and regulates 
the repressive marks at its binding sites. I thus propose a feed-back loop between ORCA 
and repressive chromatin marks, where ORCA is recruited onto chromatin by association 
with repressive marks and this in turn recruits the methyltransferases to maintain the 
repressive chromatin environment. 
The study described in Chapter 2 raises several important questions. I showed that ORCA 
localizes to replication origins, but what will happen to these origins in the absence of 
ORCA? Are they still functional origins in the absence of ORCA? An ORC ChIP-seq or 
repli-seq in ORCA depleted background would be helpful to address this question. In this 
study, I showed that ORCA associated origins are late replicating and our previous studies 
showed some late replicating regions become early replicating in the absence of ORCA 
(Giri et al. 2015). It would be interesting to analyze the replication timing profile in cells 
with and without ORCA. In this study, the ORCA ChIP-seq was performed in synchronized 
G1 phase cells, which is different from previous ORC ChIP-seq studies that were done in 
asynchronously growing cells. Till now, most genome-wide mapping studies of chromatin 
marks were done in asynchronous cells. However, there has been emerging evidence 
suggesting that the chromatin marks could be dynamic during different cell cycle stages. 
For example, it has been shown that human embryonic stem cells in G1 phase respond to 
differentiation signal better than cells in other stages of the cell cycle and this is potentially 
due to transient increase of H3K4me3 at the promoters of developmental genes during G1 
phase (Singh et al. 2015). It would be interesting to investigate whether the distribution of 
different chromatin marks change at different cell cycle stages. In this study and our 
previous study, we showed that while ORCA binding regions are enriched for H3K9me3 
and methyl-CpG site, ORCA does not bind to all the regions with these two marks. This 
fact leads to another interesting question, what dictates the binding of ORCA to certain 
heterochromatic regions? We and others have previously showed that in addition to 
H3K9me3, ORCA also associates with H4K20me3 as well as as the methyltransferase 
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Suv420h1/h2 (Chan and Zhang 2012; Giri and Prasanth 2015). It is possible that multiple 
chromatin marks determine the specificity of ORCA’s chromatin loading. A H4K20me3 
ChIP-seq will be needed to test this hypothesis. 
Additionally, I showed in this study that ORCA associates with the de novo DNA 
methyltransferases DNMT3a and DNMT3b and our previous study showed that ORCA 
can also associate with PRC2 component EZH2 (Giri and Prasanth 2015). Both DNMT3 
and PRC2 are crucial regulators of development. It would be interesting to investigate 
whether ORCA plays roles during the differentiation process and whether ORCA 
regulates the establishment of new chromatin marks during the cell fate transition 
process. 
In Chapter 3, I focused on another WD-domain containing protein, RFWD3, and studied 
its role in cell cycle progression. Unlike previous studies that focus on the role of 
RFWD3 in DNA damage response and repair (Fu et al. 2010; Gong and Chen 2011; Liu 
et al. 2011; Elia et al. 2015), I focused on how RFWD3 regulates unperturbed cell cycle 
progression. I showed that depletion of RFWD3 causes G2/M arrest and defective S 
phase progression. RFWD3 is required for re-entry into the cell cycle after serum 
starvation in WI38 cells. Loss of RFWD3 leads to slower replication fork progression and 
prolonged S phase. There is also increased loading of replication fork proteins on S phase 
chromatin in the absence of RFWD3, potentially due to stalled replication fork. RFWD3 
was identified as a nascent chromatin associated protein in previous proteomic study 
(Alabert et al. 2014). Here, I showed that RFWD3 associated with the sliding clamp 
PCNA via PIP box consensus sequence. RFWD3 is potentially recruited to replication 
forks via its association with PCNA and this is required for regulating replication fork 
progression. 
RFWD3 is an E3 ubiquitin ligase. Thus, it would be important to identify its substrates. 
So far, the only direct substrate of RFWD3 identified is p53. A proteomic study could be 
conducted to identify the substrates of RFWD3. Alternatively, since I hypothesized that 
RFWD3 localizes to replication fork to regulate fork progression, we could also test the 
ubiquitination status of different replication fork components in the absence of RFWD3. 
Previous study showed that RFWD3 mediates the ubiquitination of single stranded DNA 
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binding protein RPA (Elia et al. 2015) and RPA also binds to single stranded DNA 
during replication. Thus, it is possible that RFWD3 localizes to replication fork and 
regulates fork progression by mediating RPA ubiquitination. We need to determine 
whether the ubiquitination status of RPA during S phase is altered in the absence of 
RFWD3. In this study, I described a PIP box motif on RFWD3 that is required for its 
association with PCNA. More functional studies need to be done to characterize the 
functional relevance of this PIP box motif and its potential role in regulating replication 
fork progression. Can RFWD3 lacking the PIP box localize to replication forks? How 
does this affect S phase progression? Immunofluorescence analysis of wild-type and PIP 
box mutant RFWD3 can be performed to address this question. Importantly, is the PIP 
box motif on RFWD3 required for its function in replication fork progression? To 
address this question, we need to test whether expressing RFWD3 with mutated PIP box 
can rescue the replication defects caused by RFWD3 depletion. Additionally, previous 
studies suggest an important role of RFWD3 in DNA damage response (Fu et al. 2010; 
Gong and Chen 2011; Liu et al. 2011; Elia et al. 2015). Many PCNA interacting proteins 
are important regulators of DNA damage response. It would also be interesting to 
determine whether the association of RFWD3 with PCNA is required for its role in 
mediating DNA damage response. Similarly, we can test whether expressing RFWD3 
with mutated PIP box can rescue the defects in DNA damage response caused by 
RFWD3 depletion. 
The WD-domain is one of the most abundant motifs in eukaryotic proteome. And WD- 
domain containing proteins function to regulate various cellular processes by interacting 
with diverse protein partners. Here, I described two WD-domain containing proteins, 
LRWD1/ORCA and RFWD3, that play important roles in different aspects of cell cycle 
progression. I showed in Chapter 2 and Chapter 3 that ORCA is an important regulator of 
replication initiation and heterochromatin organization and RFWD3 plays important roles 
in S phase progression. The studies here unveiled crucial roles of these two protein in cell 
cycle progression and also raise more important questions as discussed above. More 
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